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Sergio, ets increible. Tinc tant per aprendre de tu, que escrivint aquestes paraules me'n
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Nerfs, ni I'épic modo carrera del FIFA que vam fer amb el Milan, amb els gols de
Calhanoglu des del mig del camp i les excursions de Romagnoli. Desafortunadament,
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ABSTRACT: ENGLISH

Over the past century, increases in life expectancy have been accompanied by a greater
prevalence of chronic diseases such as type 2 diabetes and cardiovascular disease,
significant cognitive impairments reflected in an increase in dementia, and considerable
prevalence rates of mental health conditions such as depression. Moreover, personality
traits such as impulsivity have been suggested to play an important role in the incidence
of chronic diseases and mental disorders, as well as the unprecedented Coronavirus
Disease 2019 (COVID-19) pandemic interacted with all these features. Therefore,
although societies have been making efforts to improve the overall health of their people,
there is still a need for further improvements in both physical and mental health

conditions.

The objectives of the present doctoral thesis are to assess in adult and older adult
populations if: 1) trait impulsivity is longitudinally associated with the adherence to
healthy and unhealthy dietary patterns in the PREDIMED-Plus-Cognition cohort and with
the incidence of type 2 diabetes and cardiovascular disease in the Nutrinet-Santé cohort;
2) glycemic-related measurements are longitudinally associated with global, trait, and
behavioral impulsivity domains in the PREDIMED-Plus-Cognition cohort and with
cognitive decline in the PREDIMED-Plus cohort; and 3) participants who experienced
COVID-19 exhibit cognitive decline and depressive symptomatology in the PREDIMED-

Plus cohort.

The main results of the current dissertation show that, firstly, higher values in the
personality trait of impulsivity were longitudinally associated with increased and
decreased adherence to unhealthy and healthy dietary patterns, respectively, over three
years of follow-up in nearly 500 Spanish older adults at high risk for cardiovascular
disease. In addition, this personality trait was positively associated with the risk of
developing type 2 diabetes and cardiovascular disease over 8 years of follow-up in
approximately 50,000 French adults from the general population. Secondly, insulin
resistance, prevalence of type 2 diabetes, longer diabetes duration, poor glycemic diabetes
control, and insulin treatment were associated with worsening cognitive function within
only two years of follow-up in 6,874 Spanish older adults at high cardiovascular risk.
Moreover, higher glycated hemoglobin levels, the presence of type 2 diabetes, and poor
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diabetes control showed positive associations with changes in the global impulsivity
composite, and those with higher glycated hemoglobin levels were further related to
increases in the trait and behavioral impulsivity domains over the three years of follow-
up in almost 500 Spanish older adults at high risk for cardiovascular disease. Thirdly,
compared with participants who did not experience COVID-19, those who were positive
cases had 62% increased odds of increased risk of depression over a median follow-up of
29 weeks after infection. In addition, participants who experienced COVID-19 did not
exhibit a significant association with cognitive decline over a median follow-up of 44
weeks after infection, compared with those who did not have COVID-19. The latter two
findings were examined in more than 5,000 Spanish older adults at high risk for

cardiovascular disease.

In conclusion, the results of this thesis suggest the relevance of assessing levels of trait
impulsivity to evaluate the risk of chronic diseases such as type 2 diabetes and
cardiovascular disease. The assessment of trait impulsivity may further facilitate the
identification of difficulties an individual may have in adhering to a healthy dietary
pattern that can prevent the incidence of the aforementioned diseases. This may be of
interest, as strategies focused on reducing impulsivity in participants with higher levels
of impulsivity and at high risk for cardiometabolic diseases may reduce the incidence of
these diseases through healthier dietary adherence. In addition, glycemic dysregulations
were longitudinally associated with worsening cognitive function and increased
impulsivity, which may indicate an increase in the burden of medical diseases,
neurocognitive impairments, and some mental disorders that are more strongly associated
with impulsivity. On the other hand, before the COVID-19 pandemic, the prevalence of
depression was estimated to have been increasing since before the 2000s. During and after
the pandemic, in the literature, positive associations between COVID-19 and depression
rates have been observed. These detrimental associations have also been observed
between COVID-19 and cognitive function. The current work showed that when these
relationships were evaluated over longer periods of time, participants who experienced
COVID-19 were more likely to exhibit an increase in depressive symptoms and risk, but
not cognitive decline. However, it is important to replicate these findings in other
populations and settings and to conduct additional randomized clinical control trials to

validate recommendations for populations.
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ABSTRACT: SPANISH

Durante el Gltimo siglo, el aumento de la esperanza de vida ha ido acompafiado de una
mayor prevalencia de enfermedades cronicas como la diabetes tipo 2, las enfermedades
cardiovasculares, o la demencia, y de considerables tasas de prevalencia de otros
trastornos de salud mental como la depresion. Ademas, se ha sugerido que rasgos de
personalidad, tales como la impulsividad, juegan un papel importante en la incidencia de
enfermedades crénicas y trastornos mentales. Ademas, la pandemia de la enfermedad del
Coronavirus 2019 (COVID-19) interactué con todas estas caracteristicas. Por tanto,
aunque las sociedades han estado realizando esfuerzos para mejorar la salud general de
sus ciudadanos, aln se necesita progresar en la mejora de las condiciones de salud fisica

y mental.

Los objetivos de la presente tesis doctoral son evaluar en poblaciones adultas y de adultos
mayores si: 1) la impulsividad como rasgo de personalidad estd asociada
longitudinalmente con la adherencia a patrones dietéticos saludables y no saludables en
la cohorte PREDIMED-Plus-Cognicion y con la incidencia de diabetes tipo 2 y
enfermedad cardiovascular en la cohorte Nutrinet-Santé; 2) variables relacionadas con el
estado glucémico estan asociadas longitudinalmente con los dominios de impulsividad
global, de impulsividad como rasgo de personalidad, y de impulsividad conductual en la
cohorte PREDIMED-Plus-Cognicion, asi como con el deterioro cognitivo en la cohorte
PREDIMED-Plus; y 3) los participantes que tuvieron COVID-19 presentan deterioro

cognitivo y sintomatologia depresiva en la cohorte PREDIMED-Plus.

Los principales resultados de la presente disertacion muestran que, en primer lugar, los
valores mas altos del rasgo de personalidad impulsivo se asociaron longitudinalmente con
una mayor adherencia a patrones dietéticos poco saludables y una menor adherencia a
patrones dietéticos saludables durante tres afios de seguimiento en casi 500 adultos
mayores esparioles con alto riesgo de enfermedad cardiovascular. Ademas, este rasgo de
personalidad se asocid positivamente con el riesgo de desarrollar diabetes tipo 2 y
enfermedad cardiovascular durante ocho afios de seguimiento en aproximadamente
50,000 adultos franceses, representativos de la poblacion general. En segundo lugar, la
resistencia a la insulina, la prevalencia de diabetes tipo 2, la mayor duracion de la

diabetes, el mal control glucémico de la diabetes, y el tratamiento con insulina se
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asociaron a un empeoramiento de la funcion cognitiva tras dos afios de seguimiento de
6,874 adultos mayores esparioles con alto riesgo cardiovascular. Ademas, en casi 500
adultos mayores espafioles con alto riesgo de enfermedad cardiovascular, elevaciones en
la hemoglobina glucosilada, la presencia de diabetes tipo 2, y un mal control de la diabetes
se asociaron a incrementos de la impulsividad global. Aquellos participantes con niveles
mas altos de hemoglobina glucosilada presentaron aumentos en los dominios del rasgo
de personalidad impulsividad e impulsividad conductual durante los tres afios de
seguimiento. En tercer lugar, en comparacion con los participantes que no habian
experimentado la enfermedad del COVID-19, aquellos que fueron casos positivos
presentaron un 62% mayor riesgo de desarrollar depresion tras 29 semanas después de la
infeccion. Ademaés, los participantes que tuvieron COVID-19 no presentaron declive
cognitivo tras 44 semanas después de la infeccidn, en comparacion con aquellos que no
padecieron COVID-19. Estos dos ultimos hallazgos se examinaron en mas de 5,000

adultos mayores espafioles con alto riesgo de enfermedad cardiovascular.

En conclusidn, los resultados de esta tesis sugieren la relevancia de evaluar los niveles
del rasgo de personalidad impulsiva para el desarrollo de estrategias de prevencion de
enfermedades cronicas como la diabetes tipo 2 y la enfermedad cardiovascular. La
evaluacion del rasgo de personalidad impulsivo podria facilitar la identificacion de las
dificultades que un individuo puede tener para adherirse a un patron dietético saludable
y, por tanto, prevenir la incidencia de las enfermedades mencionadas anteriormente. Esto
podria ser de interés, ya que en individuos con altos niveles de impulsividad y alto riesgo
de desarrollar enfermedades cardiometabdlicas las estrategias centradas en reducir la
impulsividad podrian reducir la incidencia de estas enfermedades a traves de una mayor
adherencia a una dieta saludable. Ademas, las desregulaciones glucémicas se asociaron
longitudinalmente con un empeoramiento de la funcion cognitiva y un aumento de la
impulsividad, lo que podria indicar un aumento de la carga de enfermedades, deterioro
neurocognitivo, y algunos trastornos mentales que estan estrechamente relacionados con
la impulsividad. Por otro lado, antes de la pandemia de COVID-19, se estimaba que la
prevalencia de la depresidn estaba en aumento desde antes de la década de los 2000.
Durante y después de la pandemia, en la literatura, se observaron asociaciones positivas
a corto plazo entre el COVID-19 y la depresion. Estas asociaciones perjudiciales también
se han observado entre el COVID-19y la funcion cognitiva. El trabajo actual mostroé que,

cuando estas relaciones se evaluaron durante periodos de tiempo mas largos, los
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participantes que experimentaron COVID-19 fueron méas propensos a incrementar la
sintomatologia depresiva i el riesgo de desarrollar depresion, pero no un deterioro
cognitivo mas pronunciado. Sin embargo, es importante replicar estos hallazgos en otras
poblaciones y contextos, y realizar ensayos clinicos aleatorizados y con grupos control

adicionales para validar estas recomendaciones orientadas a la poblacion.
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ABSTRACT: CATALAN

Durant I'dltim segle, l'augment de I'esperanca de vida ha anat acompanyat d'una major
prevalenca de malalties croniques com la diabetis tipus 2, les malalties cardiovasculars,
o la demeéncia, i de considerables taxes de prevalenca d'altres trastorns de salut mental
com la depressid. A més, s'ha suggerit que trets de personalitat, com ara la impulsivitat,
juguen un paper important en la incidéncia de malalties croniques i trastorns mentals. A
més, la pandémia de la malaltia del Coronavirus 2019 (COVID-19) va interactuar amb
totes aquestes caracteristiques. Per tant, encara que les societats han estat fent esforcos
per millorar la salut general dels seus ciutadans, encara es necessita progressar en la

millora de les condicions de salut fisica i mental.

Els objectius de la present tesi doctoral son avaluar en poblacions adultes i d'adults majors
si: 1) la impulsivitat com a tret de personalitat esta associada longitudinalment amb
I'adheréncia a patrons dietetics saludables i no saludables en la cohort PREDIMED-Plus-
Cognicié i amb la incidencia de diabetis tipus 2 i malaltia cardiovascular en la cohort
Nutrinet-Santé; 2) variables relacionades amb [I'estat glucémic estan associades
longitudinalment amb els dominis d'impulsivitat global, d'impulsivitat com a tret de
personalitat, i d'impulsivitat conductual en la cohort PREDIMED-Plus-Cognici6, aixi
com amb el deteriorament cognitiu en la cohort PREDIMED-Plus; i 3) els participants
que van patir de COVID-19 presenten deteriorament cognitu i simptomatologia
depressiva en la cohort PREDIMED-Plus.

Els principals resultats de la present dissertaci6 mostren que, en primer lloc, els valors
més alts del tret de personalitat impulsiu es van associar longitudinalment amb una major
adheréncia a patrons dietétics poc saludables i una menor adherencia a patrons dietétics
saludables durant tres anys de seguiment en gairebé 500 adults majors espanyols amb alt
risc de malaltia cardiovascular. A més, aquest tret de personalitat es va associar
positivament amb el risc de desenvolupar diabetis tipus 2 i malaltia cardiovascular durant
vuit anys de seguiment en aproximadament 50,000 adults francesos, representatius de la
poblacié general. En segon lloc, la resisténcia a la insulina, la prevalenca de diabetis tipus
2, la major durada de la diabetis, el mal control glucémic de la diabetis, i el tractament
amb insulina es van associar a un empitjorament de la funcio cognitiva després de dos

anys de seguiment de 6,874 adults majors espanyols amb alt risc cardiovascular. A més,
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en gairebe 500 adults majors espanyols amb alt risc de malaltia cardiovascular, elevacions
en I'nemoglobina glucosilada, la presencia de diabetis tipus 2, i un mal control de la
diabetis es van associar a increments de la impulsivitat global. Aquells participants amb
nivells més alts d’hemoglobina glucosilada van presentar augments en els dominis del
tret de personalitat impulsivitat i d’impulsivitat conductual durant els tres anys de
seguiment. En tercer lloc, en comparacié amb els participants que no havien experimentat
la malaltia del COVID-19, aquells que van ser casos positius van presentar un 62% major
risc de desenvolupar depressié després de 29 setmanes després de la infeccio. A més, els
participants que van experimentar COVID-19 no van presentar declivi cognitiu després
de 44 setmanes després de la infeccid, en comparacié amb aquells que no van patir
COVID-19. Aquests dos ultims resultats es van examinar en més de 5,000 adults majors

espanyols amb alt risc de malaltia cardiovascular.

En conclusi6, els resultats d'aquesta tesi suggereixen la rellevancia d'avaluar els nivells
del tret de personalitat impulsiu per el desenvolupament d’estratégies de prevencid de
malalties croniques com la diabetis tipus 2 i la malaltia cardiovascular. L'avaluacié del
tret de personalitat impulsiu podria facilitar la identificacio de les dificultats que un
individu pot tenir per dherir-se a un patr6 dietéetic saludable i, per tant, prevenir la
incidencia de les malalties esmentades anteriorment. Aix0 podria ser d'interés, ja que en
individus amb alts nivells d'impulsivitat i alt risc de desenvolupar malalties
cardiometaboliques, les estratégies centrades en reduir la impulsivitat podrien reduir la
incidéncia d'aquestes malalties a través d'una major adheréncia a una dieta saludable. A
més, les desregulacions glucémiques es van associar longitudinalment amb un
empitjorament de la funci6 cognitiva i un augment de la impulsivitat, la qual cosa podria
indicar un augment de la carrega de malalties, deterioracid neurocognitiva, i alguns
trastorns mentals que estan estretament relacionats amb la impulsivitat. D'altra banda,
abans de la pandémia de la COVID-19, s'estimava que la prevalenca de la depressio estava
en augment des d'abans de la decada dels 2000. Durant i després de la pandemia, en la
literatura, es van observar associacions positives a curt termini entre el COVID-19 i la
depressid. Aquestes associacions perjudicials també s'han observat entre el COVID-19 i
la funcio cognitiva. El treball actual va mostrar que, quan aquestes relacions es van
avaluar durant periodes de temps més llargs, els participants que van experimentar
COVID-19 van ser més propensos a incrementar la simptomatologia depressiva i el risc

de desenvolupar depressio, pero no un deteriorament cognitiu mes pronunciat. No obstant
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aixo, es important replicar aquestes troballes en altres poblacions i contextos, i realitzar
assajos clinics aleatoritzats i amb grups control addicionals per validar aquestes

recomanacions orientades a la poblacid.
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ABBREVIATIONS
B
BDI-II: Beck Depression Inventory version 1.
BIS-11: Barratt Impulsiveness Scale version 11.
C
CDC: Centers for Disease Control and Prevention.
CDT: Clock Drawing Test.
CépiDC: French National Mortality Registry.
CNAM: Caisse Nationale de I'Assurance Maladie (in French).
COVID-19: Coronavirus Disease 2019.
CPT: Conners’ Continuous Performance Test.
D
DALYS: Disability-adjusted life years.
DASH: Dietary Approaches to Stop Hypertension.
DSM-5: Diagnostic and Statistical Manual of Mental Disorders, Fifth
edition.
DST-b: Digit Span Test backward section.
DST-f: Digit Span Test forward section.
F
FFQ: Food-frequency questionnaire.
H
HbAlc: Glycated hemoglobin.

HDL-cholesterol: High-density lipoprotein cholesterol.
HOMA-IR: Homeostatic Model Assessment for Insulin Resistance.
|

IDPP-4: Dipeptidyl peptidase-4 inhibitors.
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IgG:
IGT:

IMPULS:

IPAQ:

L

LDL-cholesterol:

M

MIND:

MMSE:

MoCA:

P

PREDIMED-Plus:

S
SARS-Cov-2:

SNIIRAM:

SWCT:
T
TMT-A:

TMT-B:

UPPS-P:

VFT-a:

VFT-p:
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Immunoglobulin blood test G.
lowa Gambling Task.

Impulsivity-Focused Group Intervention to Reduce Binge Eating
Episodes.

International Physical Activity Questionnaire.

Low-density lipoprotein cholesterol.

Mediterranean-DASH Intervention for Neurodegenerative Delay.

Mini-Mental State Examination.

Montreal Cognitive Assessment.

PREvencion con Dleta MEDiterranea (in Spanish).

Severe Acute Respiratory Syndrome Coronavirus 2.

Systeme National d'Information Inter-Régimes de I'Assurance
Maladie (in French).

Stroop Color and Word Test.

Trail Making Test part A.

Trail Making Test part B.

Negative urgency, lack of premeditation, lack of
perseverance, sensation seeking, and positive urgency Impulsive
Behavior Scale.

Verbal Fluency Test animals version.

e

Verbal Fluency Test letter “p” version.
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Figure 12:  Graphical abstract of Chapter 7. COVID-19 and depressive

symptomatology.

Figure 13:  Relationships of trait impulsivity with type 2 diabetes and

cardiovascular risk factors and incidence.

Figure 14:  Potential mechanisms underlying the proposed detrimental feedback
loop between impulsivity and glycemic dysregulation.
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Psychological factors have been identified as significant contributors to the prevalence of
various diseases and overall health status' . The term health status is defined as "the
range of manifestations of disease in a given patient, including symptoms, functional
limitation, and quality of life", with quality of life being understood as "the discrepancy
between the actual and the desired function"®. Personality traits such as neuroticism,
emotional states such as anger and hostility, and mental health conditions such as
depression and anxiety, have been linked with the development and progression of several
diseases, including cardiometabolic diseases, cancer, infectious diseases, and dementia®
11 Furthermore, these psychological factors have been linked to elevated mortality rates
and a greater global disease burden'?®3, In addition, during the development of this
doctoral thesis, the COVID-19 pandemic occurred, having both physical and

psychological consequences worldwide.

It is important to note that psychological factors are not inherently harmful. However, in
some cases, an extreme manifestation of these characteristics can have a negative impact
on health outcomes'®. Conversely, the promotion of positive psychological factors,
including brain reserve, well-being, social support, and mindfulness, has been

demonstrated to be beneficial in the prevention of the aforementioned diseases>°,

The present dissertation introduces, presents findings, and discusses associations between
certain psychological factors and various health status assessments from an
epidemiological perspective. This doctoral thesis has focused on several specific areas,
including impulsivity, cognitive function, depressive symptomatology, diet, glycemic
status and disease, cardiovascular disease, and COVID-19 status. Specifically, in the
following introductory section, each of the assessed topics is briefly defined, described
with key epidemiological data and possible determinants, reported with findings from

intervention trials, and related to lifestyle and health outcomes of interest.
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IMPULSIVITY

Impulsivity is defined as “a predisposition toward rapid, unplanned reactions to internal
or external stimuli without regard to the negative consequences of these reactions to the
impulsive individuals or to others”?°. These quick responses, often driven by emotions
and a need to respond harshly, can be strategic or advantageous in certain contexts?!??,
However, high to extreme levels of impulsivity have been consistently associated with

poor health and psychiatric conditions?%23-2°,

Figure 1. Domains and subfactors of impulsivity.

IMPULSIVITY
TRAIT BEHAVIORAL
IMPULSIVITY IMPULSIVITY
G) Sensation seeking: Related to ) q) Inattention. )
extraversion and the urgency to
respond rashly to positive emotions. 2) Lack of inhibitory control.
2) Negative urgency: Related to 3) Risky decision-making.
neuroticism and the urgency to
respond rashly to negative emotions. 4) Cognitive inflexibility or lack of
shifting.
3) Lackof planning: Related to the \ _J

tendency to be disinhibited or
unconstrained.

4) Lack of perseverance: Related to a
lack of conscientiousness or the will
to deal with adversity or challenge.
. y g )

Note. Adapted from Sharma L, Markon KE, Clark LA. Toward a theory of distinct types
of "impulsive” behaviors: A meta-analysis of self-report and behavioral measures.
Psychological Bulletin. 2014. doi: 10.1037/a0034418.

Impulsivity is considered a personality trait that can lead to impulsive actions?®-28,
Personality traits are defined as relatively enduring patterns of thoughts, feelings, and

behaviors that reflect a tendency to respond in a specific manner under particular
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circumstances or situational cues?®?’, These traits are shaped by genetics and ontogenetic
processes and are typically established prior to adulthood?®®. Nevertheless, trait
impulsivity is more modifiable than other personality traits and can exhibit change across
the lifespan®L. This trait is characterized by an urgency to respond to emotional states, a
lack of premeditation, and a high level of sensation seeking®?. These personality features
facilitate an understanding of the diverse ways in which trait impulsivity can manifest and
affect behavior. Once the trait of impulsivity has manifested in an action, it can be referred
to as behavioral impulsivity®. Behavioral impulsivity is characterized by heightened
sensitivity to rewards, a propensity for risk-taking when making decisions, and impaired
activity in prefrontal cortex regions that result in a diminished capacity for attention,
cognitive flexibility, and inhibitory control?®3+26, In Figure 1 are presented the principal
domains and underlying factors of trait and behavioral impulsivity identified in the meta-

analysis conducted by Sharma and collegues?®.

A substantial body of evidence indicates that elevated levels of impulsivity are associated
with an increased prevalence of psychiatric conditions, including attention deficit
hyperactivity disorder, antisocial personality disorder, gambling, substance abuse, eating
disorders, and suicidality?®?37-39 Neural substrates provide a potential explanation for
this comorbidity between impaired impulsivity and psychiatric conditions. A dysfunction
of the frontostriatal neural circuits has the potential to disrupt the top-down cognitive
control system, which may subsequently manifest in behavioral issues such as difficulties
with delayed discounting of rewards, premature responding, and motor inhibition®. A
comprehensive overview of the neurological circuitry associated with impulsivity has

been previously documented and can be found in the referenced literature3+35404,

Greater impulsivity has not only been linked with psychiatric diseases but also has been
suggested to play an important role in health outcomes®*2. Indeed, impulsivity has been
demonstrated to be positively associated with a range of risky lifestyle behaviors,
including alcohol intake**#, cigarette consumption®®*, and higher body mass index
levels®*#7, In fact, a meta-analysis showed a strong relationship between elevated scores

on a composite measure of impulsivity and diminished quality of life*’.

The implementation of interventions designed to mitigate the impact of elevated
impulsivity levels, and meta-analyses of these interventions, have proven to be an

efficacious approach, indicating the potential for impulsivity to be modified*®3. In light
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of the observed associations between impulsivity and an elevated risk of several prevalent
diseases, future research is warranted in the future to investigate the potential efficacy of
these interventions aimed at reducing impulsivity in individuals with high impulsivity and
an elevated risk of developing diseases. In children and adolescents, a considerable
number of psychological-based interventions have been demonstrated to effectively
enhance self-regulation, a fundamental aspect of behavioral impulsivity 8. This has
resulted in notable improvements in academic, health, and behavioral outcomes. In
adults, meta-analyses of mindfulness interventions or other techniques designed to
decrease delay discounting or impulsive choice have demonstrated beneficial effects in
reducing behavioral impulsivity and substance abuse disorders***°, Nonetheless, these
meta-analyses revealed methodological limitations across the various study designs*®*°.
In individuals with binge eating disorder, where impulsivity levels are typically
elevated®, a reduction in impulsivity levels was observed over time following the
implementation of a cognitive and behavioral intervention guideline, named the
Impulsivity-Focused Group Intervention to Reduce Binge Eating Episodes (IMPULS)>L.
However, this reduction in impulsivity levels was not statistically significant when
compared with the control group, with only a significant beneficial effect observed for

depressive symptomatology®*.

The present thesis focused on examining the relationships between impulsivity, dietary
patterns, glycemic status, and the risk of developing type 2 diabetes and cardiovascular
disease. Prior research has indicated that impulsivity is inversely associated with healthy
diets>>®, However, there is a paucity of studies that have evaluated the longitudinal
relationships between impulsivity and both healthy and unhealthy dietary patterns. On the
other hand, positive relationships have been identified along the pathway from
impulsivity to dysfunctional health behaviors and subsequently to cardiometabolic
risk?>5758 Nevertheless, no studies were identified that performed a comprehensive
assessment of various glycemic status and impulsivity measurements, nor between
impulsivity and incident type 2 diabetes and cardiovascular disease events. This
represents a significant gap in the scientific literature, and further research in this area is
warranted. Specifically, studies have shown that when type 2 diabetes has been
diagnosed, impulsivity is associated with poor diabetes control, as evidenced by the
presence of lifestyle risk behaviors and uncontrolled glycated hemoglobin (HbAlc)

levels®®®°, However, further prospective studies conducted with control groups with
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controlled type 2 diabetes or with participants without type 2 diabetes are required to

provide more conclusive evidence.

33



UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Goémez Martinez

COGNITIVE FUNCTION AND DECLINE

Cognitive functions encompass all the basic psychological processes that allow
individuals to extract information from and interact with their environment in a manner
that ensures optimal survivability. These mental processes are the culmination of a
continuous interplay between the brain, body, and environment, throughout the
phylogenetic and ontogenetic evolution of organisms with central nervous systems,
allowing humans to perform all the actions of daily life®*~®3, These mental processes are
organized into first-order neurocognitive domains, including perceptual-motor function,
social cognition, attention, learning and memory, executive function, and language®.
Within these domains, second-order cognitive functions represent specific abilities that

underpin the broader scope of first-order cognitive domains®.

Across the lifespan, cognitive function typically increases during childhood, reaches its
peak in adulthood, and then gradually declines into old age®. Cognitive aging is the
natural process by which cognitive functions begin to decline. However, over the past
century, a multitude of medical advancements have led to a notable increase in life
expectancy, and this prolonged lifespan has been accompanied by significant
impairments in cognitive function®. When cognitive decline is discernible as a slight yet
perceptible deterioration in cognitive abilities that exceed expectations for an individual's
age but does not considerably impede daily life and activities, the term mild cognitive
impairment has been proposed®®€. Mild cognitive impairment has been demonstrated to
elevate the likelihood of dementia, although in some instances, this phase of cognitive
impairment can be reversed®” %8, Dementia represents the most severe form of cognitive
impairment, primarily affecting older individuals, with Alzheimer's disease being the
most common form and contributing to 60—-70% of dementia cases®®. Dementia has a
profound impact on an individual's ability to perform activities of daily living, and is a

major cause of disability and dependency among older populations globally®®.

Recent studies assessing the prevalence of cognitive impairment and mild cognitive
impairment have estimated global prevalence rates of 19% and 16%, respectively’®,
With regard to dementia, a decline in incidence was observed in some countries from
1990 to 2019, which is likely attributable to improvements in modifiable risk factors’.

However, global trends in total dementia prevalence have demonstrated an increase,

34



UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Gémez Martinez

which is primarily attributable to population growth and aging”. In 2019, the estimated
number of individuals living with dementia was 57 million, with projections indicating

an increase to 153 million by 205073,

A variety of sociodemographic factors, lifestyle behaviors, and genetic markers have been
identified as influencing the preservation or deterioration of cognitive function’*". The
most widely recognized protective factors for cognitive function include physical,
cognitive, and social activity, as well as higher levels of education. In contrast, an
unhealthy diet, alcohol abuse, smoking, obesity, hypertension, dyslipidemia, diabetes

mellitus, and depression have been identified as risk factors for cognitive impairment’®.

Given the pivotal role of cognitive function in daily living, significant efforts have been
directed toward mitigating the global health burden of cognitive impairments such as
dementia. Recent meta-analytic reviews have demonstrated the beneficial effects of
multidomain lifestyle interventions on the preservation of cognitive function abilities and
improvement in cognitive screening tests’’. These beneficial interventions include
aerobic exercise, cognitive training, motor challenges, creative arts, storytelling groups,
and social interventions’®. These helpful intervention results have been observed to persist
for up to one year in participants with mild cognitive impairment’®. Additional meta-
analytic evidence from large-scale trials with randomized, parallel control group designs
indicated a significant beneficial effect only in individuals at risk of dementia, but not in
the general population or in individuals with mild cognitive impairment’. Specifically, a
beneficial effect in only one trial implementing a pharmacological intervention and
another with a multi-domain intervention was described’®. However, when this effect was
assessed using small- and medium-scale randomized clinical control trials, clear benefits
were shown for both general and mild cognitive impairment populations by using
nutrition, physical activity, cognitive stimulation, and multidomain interventions’. In
summary, the current evidence indicates that interventions designed to improve cognitive
function in older adults may offer benefits in certain circumstances. Nevertheless, the
majority of interventions are currently ongoing, and further robust evidence on the most

beneficial interventions is still required.

The present dissertation focused on examining longitudinal relationships between
glycemic-related measures, cognitive function, and impulsivity. The potential role of

glycemic dysregulation in cognitive decline has been a topic of extensive investigation,
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with a growing body of evidence indicating long-term deleterious associations. Indeed,
elevated HbAlc levels have been linked to an increased risk of cognitive decline and
dementia over periods of time longer than eight years in middle-aged and older adults®®-
8, Similarly, a history of type 2 diabetes was associated with a 19% greater cognitive
decline over a 20-year period in a cohort of 13,351 individuals when compared to those
without a diabetes diagnosis®. Nevertheless, there is a scarcity of studies employing
shorter follow-up periods to evaluate the potential association between glycemic
dysregulation and cognitive decline in individuals at cardiovascular risk. On the other
hand, associations between glycemic dysregulation and higher trait and behavioral
impulsivity have been described®4 8. However, in almost all studies, results were reported
using cross-sectional designs, small population sizes, or a lack of comprehensive

assessment of the broad nature of impulsivity, thus necessitating more robust evidence.
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DEPRESSIVE SYMPTOMATOLOGY

Depressive disorder, commonly referred to as depression, is a prevalent psychiatric
condition that is characterized by a persistently low mood and a marked decrease in
pleasure or interest in activities over extended periods. This mental disorder is estimated
to affect between 280 and 300 million people around the world®°2, In contrast to ordinary
fluctuations in mood and typical emotional responses to daily life, depression can have a
profound impact on various aspects of life, including interpersonal relationships and
functioning in family, social, and occupational contexts®. Additionally, depression is
recognized as a universal condition that can potentially affect all individuals regardless
of their background, though its prevalence is higher in high-income countries and among

women®%,

The prevalence rates of depression between 1994 and 2014, assessed in more than 1
million adults from 30 countries, demonstrated an increase of approximately 11%°%. In
older adults, a trend increase in the prevalence of depression has been described from
2000 to 2020 globally, and the prevalence of depression in older adults has been estimated
to be about 28% in 2021%.

Depression has its etiology in a complex interplay of social, psychological, and biological
determinants®. Individuals who have experienced adverse life events, such as
unemployment, bereavement, or traumatic incidents, are at an increased risk of
developing depression®. This risk is further compounded by the subsequent exacerbation
of stress and functional impairment, which deteriorates the individual's life circumstances

and intensifies depressive symptoms®.

The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)
specifies the diagnostic criteria for Major Depressive Disorder, which is characterized by
a set of symptoms that are present for a minimum of two weeks and significantly affect
the individual's mood and lifestyle®®. A diagnosis of major depressive disorder requires
the presence of at least five of the following symptoms for a minimum of two weeks:
depressed mood most of the day, almost every day; markedly decreased interest or
pleasure in all or almost all activities most of the day, almost every day; significant weight
loss (when not dieting) or weight gain, or decreased or increased appetite almost every

day; insomnia or hypersomnia almost every day; psychomotor agitation or retardation
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almost every day; fatigue or loss of energy almost every day; feelings of worthlessness
or excessive or inappropriate guilt almost every day; impaired ability to think or
concentrate, or indecisiveness almost every day; and recurrent thoughts of death,
recurrent suicidal ideation without a specific plan, or a suicide attempt or a specific plan

to commit suicide®.

The scientific literature has extensively studied depressive symptomatology, consistently
demonstrating adverse associations with numerous lifestyle factors, comorbidities, and
health outcomes®. Depression is intricately linked to physical health, with bidirectional
influences between the two®’. This interaction results in a poor prognosis for various
chronic diseases, including cardiovascular disease, cancer, and inflammatory diseases®,
due to increased smoking, physical inactivity, obesity, cognitive impairment, and the
presence of type 2 diabetes, cardiovascular disease, and dementia®1%t, Furthermore,
individuals with these chronic conditions may develop depressive disorders as a

consequence of the difficulties associated with managing their conditions®.

Given the significant global health concern that depression represents, with the potential
to impair the quality of life of individuals diagnosed with this mental disorder and to
exacerbate the symptoms of numerous other diseases, initiatives have been undertaken
with the aim of reducing its prevalence. A substantial body of evidence supports the
efficacy of psychological and pharmacological treatments for the improvement and
remission of depressive symptoms and major depressive disorder. These include
psychological therapies, antidepressants, transcranial magnetic stimulation, modified
electroconvulsive therapy, and deep brain stimulation®’. Interventions that promote
positive emotion regulation have consistently been demonstrated to be an effective
method for reducing depressive symptomatology%2. Nevertheless, a lack of awareness in
society regarding the potential beneficial effects of interventions, the stigma attached to
psychological and psychiatric disorders and therapies, and ineffective campaigns to treat

depression represent significant barriers to successful recovery®:.

The present work examined the prospective relationship between COVID-19 status,
depressive symptomatology and depression risk. In Spain, during the initial phase of
COVID-19, a significant psychological impact was observed in more than 3,000
individuals, with 41% of this population exhibiting depressive symptoms®®. Globally,

the prevalence of depressive symptoms reached its highest peak between April and May
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2020, subsequently demonstrating a gradual decline from June to October 20201%,
Despite this decline, the rates of depressive symptoms remained higher than those
observed between January and February 2020%. However, there is a paucity of evidence
regarding the long-term effects of COVID-19 on the development of depression,

necessitating further research to inform the establishment of evidence-based guidelines
for individuals who have experienced COVID-19.

39



UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Goémez Martinez

DIETARY PATTERNS

Dietary patterns are defined as the overall dietary intake of an individual, including the
combinations and quantities of foods and beverages regularly consumed by individuals

or populations®.

A comprehensive approach to dietary patterns, as opposed to a narrow focus on specific
food groups or nutrients, provides a more comprehensive measure for nutritional
epidemiology and a more accurate representation of overall dietary habits!®. The
evidence indicates that promoting individual food components in the diet of an individual
or population without considering the intake of other food components is a suboptimal
approach to disease prevention!®. The intake of nutrients within dietary patterns can
exhibit synergistic or antagonistic interactions, which are often challenging to identify
without consideration of adherence to overall dietary patternsi®®. These patterns have a
significant impact on health outcomes and are crucial in understanding the relationship

between diet and chronic diseases!’.

A healthy dietary pattern is typically characterized by an abundance of foods that promote
health, including fruits, vegetables, soy, nuts, seeds, whole grains, legumes, and fish%>-1%,
In contrast, a healthy dietary pattern is typically low in sodium, saturated fats, trans fats,
animal-derived proteins, and added sugars'®>1%, The results of recent observational meta-
analyses and reviews have consistently demonstrated a beneficial association between
healthy dietary patterns and a broad range of health outcomes. For instance, young people
who consume diets that are high in energy density and low in fiber are at an increased
risk of becoming overweight or obese later in lifel®. In adults, adherence to healthy
dietary patterns has been linked to a reduced risk of obesity*'°, metabolic syndrome'®,
elevated glycated hemoglobin levels'®!1011! and the incidence of type 2 diabetes as well
as improved glycemic control in individuals with diabetes diagnosis*?*3. Moreover,
these healthy dietary patterns are linked to lower systolic and diastolic blood pressure!!4,
a reduced incidence of cardiovascular disease!’®, and a lower risk of dementia and
Alzheimer's disease''®. Otherwise, lower adherence to healthy dietary patterns is
associated with higher all-cause mortality and mortality from cardiovascular disease,

cancer, and neurodegenerative diseases'’.
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In contrast, unhealthy dietary patterns are characterized by high consumption of
processed and ultra-processed foods, red meat, refined grains, sugary beverages, and
sweets, in conjunction with a low intake of nutrient-dense foods such as fruits, vegetables,
whole grains, nuts, seeds, and healthy fats'!8. This shift in the rising production and
consumption of ultra-processed foods has prompted the identification of new health
concerns, given the established link between these ultraprocessed foods and an increased
risk of type 2 diabetes and cardiovascular disease'®'%°, A representative example of an
unhealthy dietary pattern is the Western diet, which is characterized by a high
consumption of ultra-processed foods and has been linked to an increased prevalence of

obesity, diabetes, cardiovascular disease, cancer, and impaired immune responses??122,

As dietary patterns have been evidenced to substantially influence health outcomes and
have further been demonstrated to be modifiable through psychological and lifestyle
interventions, some clinical trials have been conducted to promote beneficial dietary
patterns and reduce the incidence of chronic diseases. The results of meta-analyses
indicate that diets based on the Mediterranean and Dietary Approaches to Stop
Hypertension (DASH) dietary patterns are associated with a reduced risk of developing
type 2 diabetes, irrespective of the promotion of physical activity'?. Furthermore, the
Mediterranean diet has been linked to a lower incidence of cardiovascular disease,
cardiovascular disease-related mortality, and overall mortality'?*. The evidence also
suggests that healthy dietary interventions may alleviate depressive symptomatology,

although inconsistency in the assessment of outcomes across studies has been noted%,

The current doctoral thesis investigates longitudinal relationships between the personality
trait of impulsivity and adherence to healthy and unhealthy dietary patterns. In the last
few decades, promoting a healthy diet has been a major strategy in the prevention of
numerous diseases. Nevertheless, there is still a need for further research to gain a deeper
understanding of the factors that influence food choices. Some primary factors
influencing food choices have been identified as interrelationships between genetic and
epigenetic characteristics, personality traits, cognitive and affective patterns, cultural and
social pressures, dietary determinants such as palatability and organoleptic properties of
foods, and physiological mechanisms including signals from the gastrointestinal tract and
adipose tissue to the brain and vice versa=. Concerning the focus of this dissertation,
research examining the relationships between impulsivity and food preferences and

intakes represents a consistent topic of investigation within the existing literature>>12/-129,

41



UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Goémez Martinez

For example, one study found cross-sectional associations between the personality trait
impulsivity and lower adherence to a healthy French dietary pattern, as well as positive
associations with energy intake, snacking, and eating disorders®. However, the absence

of prospective findings, the failure to adjust models for important covariates, and the

absence of dietary pattern assessments represent notable limitations.
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CARDIOVASCULAR STATUS AND DISEASE

Cardiovascular status is defined as the overall health and function of the cardiovascular
system, which encompasses the activity of the heart and blood vessels, and the efficiency
of circulatory functions is determined by these two components®3°,

A suboptimal state of the cardiovascular system can result in the development of
cardiovascular disease'®. Some of the most common cardiovascular diseases include:
coronary artery disease, affecting the blood vessels supplying the heart muscle;
cerebrovascular disease, affecting the blood vessels supplying brain function; peripheral
arterial disease, affecting the blood vessels supplying the function of the arms and legs;
rheumatic heart disease, damaging the heart muscle and valves due to rheumatic fever
caused by streptococcal bacteria; congenital heart disease, which is caused by
malformations of the heart's structure from birth that affect the normal development and
function of the heart; and deep vein thrombosis and pulmonary embolism, which cause
blood clots formed in leg veins that can dislodge and travel to the heart and lungs'®. Some
of the primary mechanisms that can contribute to a cardiovascular disease event are the
result of an obstruction of coronary or cerebral arteries by clots or atherosclerotic plagues,
which impedes oxygenated blood flow to surrounding cells. Alternatively, a rupture of
the arterial walls can lead to hemorrhage®311%2, Both occlusion and hemorrhage typically
culminate in cell death due to the disruption of blood supply, increased pressure,
inflammatory responses, or the toxic effects of blood components 33,

A meta-analysis of the available evidence suggests a slight decline in the global average
trend of cardiovascular disease incidence from 1990 to 2019, although the observed
decrease is almost trivially*3*1*°, Nevertheless, it is important to note that cardiovascular
disease remains the leading cause of death from noncommunicable diseases, and efforts
are warranted to further reduce the global health burden of cardiovascular diseases in the

following decades'®.

Recent evidence has been discussing the detrimental effects that environmental factors,
such as noise and air pollution, can have on cardiovascular disease risk'*. However, the
well-established risk factors include genetic predisposition, family history of

cardiovascular disease, tobacco use, excessive alcohol consumption, poor dietary habits,
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physical inactivity, obesity, hypertension, and diabetes*'¥, Consequently,
cardiovascular disease often coexists with conditions such as obesity, dyslipidemia,
hypertension, metabolic syndrome, diabetes mellitus, cancer, and depression and
anxiety!01:137.140-143 " notentially increasing the global health burden of cardiovascular
disease. A study conducted using the UK Biobank cohort, which included 135,199 adults,
indicated a robust correlation between enhanced cardiovascular health and extended life
expectancy**. This was observed not only in the absence of cardiovascular disease but
also in the context of other major chronic illnesses, including diabetes, cancer, and

demential*

. Moreover, as cardiovascular diseases impede typical blood flow to cells,
including brain cells, there is a well-established comorbidity with cognitive decline and

elevated rates of dementia 145146,

Interestingly, a pooled study of 155,722 individuals from 21 high-, middle-, and low-
income countries evaluated potential risk determinants of cardiovascular disease,
assessing behavioral, metabolic, socioeconomic, psychological, grip strength, household,
and air pollution factors'#’. The study revealed that approximately 70% of cardiovascular
disease cases and deaths were attributable to modifiable risk factors. In addition,
metabolic factors were identified as the predominant risk factors for cardiovascular
disease, accounting for approximately 40% of cases, while behavioral risk factors were
found to contribute most to cardiovascular disease mortality, accounting for

approximately 25% of cases®*’.

Clinical intervention trials have been conducted with the objective of reducing the
incidence of cardiovascular disease and its huge impact on public health. This is due to
the fact that numerous risk factors for cardiovascular disease events are potentially
modifiable lifestyle characteristics. Meta-analysis of randomized clinical control trials
showed that that behavioral counseling interventions designed to enhance diet and
promote physical activity in individuals with elevated blood pressure and lipid levels were
efficacious in reducing cardiovascular events, blood pressure, low-density lipoproteins,
and adiposity-related outcomes*®. Moreover, blood pressure-lowering medications, such
as statins, have been demonstrated to be successful strategies for the primary prevention
of cardiovascular disease*®**, In the context of secondary prevention of cardiovascular
disease, the Mediterranean diet has been proposed as a noteworthy dietary pattern for the
prevention of major cardiovascular events’!. Additionally, exercise and numerous

pharmacological interventions have demonstrated comparable potential benefits in the
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secondary prevention of coronary heart disease, rehabilitation following a stroke, and the

treatment of heart failure®®?.

The current thesis aimed to study the longitudinal associations between the personality
trait of impulsivity and the risk of developing cardiovascular disease. Some personality
traits have been proposed to play a role in the incidence of cardiovascular disease.
However, to the best of our knowledge, only two studies have assessed these
relationships. One of these prospective study cohorts, comprising 4,267 individuals and
conducted in Germany, demonstrated that participants exhibiting low internal locus of
control over disease, in conjunction with elevated psychoticism levels, exhibited an
increased risk of incident myocardial infarction®>3. The remaining study included data
from six United States cohorts. The pooled study revealed that elevated neuroticism and
diminished conscientiousness were linked to an increased likelihood of developing
stroke’. Furthermore, it was postulated that severe childhood stress exerts a more
pronounced influence on the incidence of cardiovascular disease in later life compared to
stressor events in adult populations'®. However, adult stress may be an important trigger
for cardiovascular disease, and evidence has been giving importance to the role of stress
in disease progression in individuals at high risk or with prevalent disease®*.
Accordingly, further research is required to ascertain the potential relationships between
psychological factors and the incidence of cardiovascular disease. For example,
impulsivity has been associated with higher cardiometabolic risk?®. Nevertheless, the
relationship between impulsivity and the risk of developing cardiovascular disease has

not been previously investigated.
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GLYCEMIC STATUS AND DISEASE

The term glycemic status is used to describe the level and regulation of glucose in the
blood, and constitutes an important indicator of how an individual manages blood

glucose, which is crucial for energy production and overall health>®,

A dysregulated glycemic status results in impaired glucose metabolism, which can lead
to the development of chronic diseases such as diabetes mellitus'®®. The intermediate
states between normality and diabetes are impaired glucose tolerance and impaired
fasting glucose. These conditions are regarded as prediabetic states, defined by elevated
glucose levels that do not meet the clinical criteria for diabetes'®®. Diabetes is a metabolic
disease that is characterized by either an insufficient production or an inefficient
utilization of the insulin that is produced by the organism, which ultimately results in
elevated blood glucose levels®™®. Insulin is a hormone that regulates the entry of glucose
into cells, which is essential for cellular energy expenditure!®’. Glycemic dysregulation
in individuals with diabetes is typically associated with significant complications,
including damage to the heart, blood vessels, eyes, kidneys, and nerves, and the most

prevailing forms of diabetes are type 1 and type 2 diabetes mellitus'®®.

Type 1 diabetes is characterized by autoimmune destruction of the insulin-producing beta
cells in the pancreas, with a typical onset in childhood or adolescence!®®. Type 2 diabetes
is the most prevalent form of diabetes, a principal cause of mortality from
noncommunicable diseases, and is typically developed in adulthood*®. The development
of type 2 diabetes is largely attributable to factors such as excess body weight, physical
inactivity, and poor dietary habits, which collectively impair the pancreas's ability to
produce sufficient, effective, or even any insulin'®¢'%, Furthermore, gestational diabetes
mellitus is a form of diabetes that occurs during pregnancy and affects both the mother
and the embryo, it is typically caused by hormonal changes and is generally reversible
after childbirth,

In 2021, the global prevalence of prediabetic conditions was 6% for impaired glucose
tolerance and 9% for impaired fasting glucose, and it was projected that by 2045 there
would be a significant increase of approximately 1% in the number of cases of these

prediabetic conditions'®®. A systematic review of data from 1980 to 2017 revealed that
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the global prevalence of type 2 diabetes increased until 2006, followed by a subsequent
decline'®. This study highlighted the limited availability of data in low- and middle-
income countries'®®. However, other studies have presented contrary evidence that is
inconsistent with this conclusion. One of these studies indicated that the prevalence and
incidence of type 2 diabetes increased from 1990 to 2017, and suggested that the global
prevalence of diabetes may increase by approximately 8,000 per 100,000 person-years by
20406, Other studies have similarly indicated positive trends in the incidence of type 1
and type 2 diabetes worldwide'®2163, Additionally, another study using data from 195
countries estimated that the global burden of deaths and disability-adjusted life years
(DALYS) due to incident cases of type 1 and type 2 diabetes will increase by 125% and
116%, respectively, from 1990 to 20254, Furthermore, comorbidities of type 1 and 2
diabetes with depressive and anxiety symptoms have been documented in comparison to
the general population, which has been linked to a reduction in psychological well-being

and an increase in the global health burden associated with the onset of type 2 diabetes'®.

Based on an umbrella of meta-analysis and a narrative review of the Nurses Health
Studies, which followed more than 200,000 participants over decades, several risk factors
have been identified to increase the risk of developing type 2 diabetes'!>!%, Among these
risk factors are included the presence of obesity and early and late weight gain, metabolic
syndrome, sedentary time, depression, consumption of sugar-sweetened beverages and
processed meats, higher levels of c-reactive protein, alanine aminotransferase and
gamma-glutamyltransferase, and a genetic predisposition for an increased presence of
proinflammatory biomarkers, dyslipidemia, obesity, and insulin resistance!'?,
Protective factors for type 2 diabetes have also been identified, including adequate sleep
and higher physical activity, adherence to a healthy diet, consumption of coffee and whole
grains, educational level, socioeconomic status, and serum adiponectin and vitamin D
levels'?1%  Additionally, environmental risk factors have been proposed as a possible
mechanism through which lifestyle risk factors may increase the risk of developing type

2 diabetes!®’.

Meta-analyses of clinical lifestyle interventions aimed at preventing the incidence of type
2 diabetes by decreasing body weight and improving physical activity and/or diet quality
showed a significantly reduced risk of type 2 diabetes!®®1%° These lifestyle interventions
have been demonstrated to be cost-effective in populations at high risk of developing type
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2 diabetes!’®. These findings are of significant importance, as type 2 diabetes has a

profound impact on global health®®,

In individuals who are already diagnosed with diabetes, glycemic control is a critical
feature in the prevention of further adverse outcomes. For example, both short- and long-
term glycemic variability have been identified as an independent risk factor for a poor
prognosis in the health status of the individual®’t. Indeed, glycemic variability has been
linked to adverse clinical outcomes in individuals with diabetes, including diabetic
nephropathy, retinopathy, and peripheral neuropathy, hypoglycemia, cognitive
dysfunction, cardiovascular disease, and mortality'’®. It is noteworthy that the personality
trait of impulsivity has been proposed as a significant factor influencing the management
of type 2 diabetes. Some studies have found that higher trait impulsivity is associated with
more lifestyle-related risky behaviors for the management of the disease, such as poor
adherence to medication, as well as with uncontrolled levels of HoA1c>*®°, Meta-analyses
of psychological interventions have been showing significant benefits for the control of
glycated hemoglobin levels in both participants having type 1 or 2 diabetes mellitus!’2173,
Moreover, the effectiveness of several types of oral glucose-lowering medication has
been reported for ameliorating type 2 diabetes management, but adverse effects that result
in therapy ineffectiveness present a significant challenge'’. In addition, advancements in
nanotechnology-based approaches are emerging with the potential to offer significant

benefits in the management of type 2 diabetes, compared to traditional approaches!’#17°,

The present study examined the relationship between trait impulsivity and the risk of
developing type 2 diabetes. Moreover, this thesis further examined the relationships
between glycemic dysregulations, cognitive function, and impulsivity. Firstly, there is
compelling evidence from meta-analyses and large-scale observational studies with long
follow-up periods indicating that glycemic dysregulations are detrimental to cognitive
function. Among the glycemic dysregulations assessed were HbAlc levels and the
presence and duration of type 2 diabetes. The results of these studies indicated a
relationship between glycemic dysregulations and cognitive decline and impairment, as
well as with the presence of mild cognitive impairment and dementia®-83176-182,
However, the current body of literature lacks sufficient evidence to determine whether a
comprehensive assessment of multiple glycemic-related variables is associated with an
adverse impact on cognitive function over a relatively brief period of two years. To the

best of our knowledge, only one study has assessed longitudinal trends over a three-year
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follow-up period in cognitive performance in participants with type 2 diabetes, and this
study found no associations at the short-term level'®, Accordingly, further research is
required to ascertain potential relationships between glycemic dysregulations and
cognitive decline over shorter periods of time. Secondly, previous research has indicated
that certain psychological traits are associated with glycemic status and type 2 diabetes.
These studies involved relatively small populations and mostly cross-sectional findings,
indicating that glycemic dysregulations have been associated with higher impulsivity in

adult populations with and without type 2 diabetes®48°

, although not all studies found
significant links'®18_ Unfortunately, despite the observation of positive relationships
between impulsivity features and glycemic dysregulations, the potential association
between trait impulsivity and the risk of developing type 2 diabetes was not investigated.
In accordance with the Big Five personality trait model*®” and in results from pooling
studies, only higher scores in conscientiousness levels demonstrated a consistently
inverse relationship with HbA1c values and the risk of developing type 2 diabetes 818,
Thus, it is crucial to assess whether there is a link between trait impulsivity and the
likelihood of developing type 2 diabetes, given that type 2 diabetes is one of the primary
causes of death from noncommunicable diseases'®. Moreover, it is noteworthy to
increase the degree of evidence in the longitudinal relationships between impulsivity
features and glycemic status measurements, such as the control of HbAlc levels in
participants having type 2 diabetes. This will facilitate the assessment of whether future
interventions aimed at reducing elevated impulsivity levels in populations at risk of
developing cardiometabolic diseases or with established type 2 diabetes could be
beneficial for reducing the subsequent disease burden.
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COVID-19

Coronavirus Disease 2019 (COVID-19) is caused by the infection of a virus named
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)!%. The global
pandemic of COVID-19 emerged in late 2019, significantly impacting public health and
societies around the world®, The virus primarily affects the respiratory system, resulting
in a spectrum of symptoms that may range from the typical symptoms of a common cold

to those of a mild to moderate respiratory illness®

. All individuals are susceptible to
infection with SARS-CoV-2, with the potential for serious illness or death at any age,
although the majority of infected individuals are expected to recover without the need for
specialized treatment. Individuals of advanced age and those with preexisting medical
conditions, including diabetes, chronic respiratory disease, cancer, or cardiovascular
disease, may experience a severe form of illness necessitating medical intervention when
they test positive for COVID-19'®, This virus is transmitted between humans from an
infected individual to another via liquid particles, which are typically dispersed by the

mouth or nose when the infected person coughs, sneezes, speaks, sings, or breathes'®,

The number of positive COVID-19 cases reported by the World Health Organization until
7" July 2024 is around 776 million cases, with more than 7 million deaths*®. The primary
prevention for COVID-19 is vaccination, with over 13 billion COVID-19 vaccine doses
administered as of June 2023, in addition to the use of face masks and proper hand

hygiene'®.

The most prevalent symptoms of SARS-CoV-2 infection are to have fever, cough,
tiredness, and loss of taste or smell*8®1%°, However, additional symptoms such as sore
throat, headache, musculoskeletal discomfort, diarrhea, and red or irritated eyes have also
been commonly described!®®1%°, In severe cases of COVID-19, patients have reported
respiratory distress, dyspnea, speech difficulties, and chest discomfort!®1%, Symptoms
typically manifest 5 to 6 days after infection and are expected to resolve within two

weeks!®

. Nevertheless, some individuals may experience symptoms for extended
periods, even years after being positive cases of COVID-19. The term long COVID has

been used to describe the persistence of symptoms for a minimum of three months,
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encompassing a wide range of symptoms or conditions that may improve, worsen, or be

ongoing*®*,

The COVID-19 pandemic has exacerbated the challenges associated with the
management of cardiometabolic diseases. Obesity, type 2 diabetes, chronic kidney
diseases, and liver disease were reported to be significantly associated with higher risk of
developing severe COVID-19 symptoms®2. For example, individuals with type 2
diabetes and a diagnosis of COVID-19 exhibited a 6.3-fold elevated risk of mortality

compared to those without diabetes!®

. Moreover, there is evidence indicating an increase
in the incidence of new-onset diabetes cases during the course of the pandemic®. These
findings have also been documented when studying associations between SARS-CoV-2
infection and cardiovascular disease. The prevalence of cardiovascular risk factors
predisposes to severe COVID-19 illness, but also SARS-CoV-2 infection can impair the
cardiovascular system increasing the risk for arrhythmia and heart failure, among other
complications!®. Nevertheless, the long-term impact of potential changes associated with
the ongoing pandemic on the incidence of type 2 diabetes and cardiovascular disease

requires further investigation in the forthcoming decades.

The psychological health after the COVID-19 pandemic has been disturbed noticeably!®®.
All domains of human life were affected at some point during the pandemic, as one of the
central strategies for managing the worldwide SARS-CoV-2 spread was the persuasive
messaging, collective behavioral change, or restrictions imposed by government policies
such as lockdowns!®’. For example, a comparative analysis of depression assessments
conducted before and during the pandemic in children and adolescents across Europe
revealed a 36% higher likelihood of developing clinically significant depressive
disorders, along with a notable increase in the prevalence of general depressive
symptoms*®®. Similar findings were observed in adolescents and young adults in the
United States, indicating a heightened prevalence of depressive and anxiety symptoms
during the pandemic!®. In adult populations that had experienced an infection with the
SARS-CoV-2 virus, depressive symptoms have been identified in approximately 35% of
cases over short-, medium-, or long-term periods?®. Indeed, an additional 53 (27%
increase) and 76 (26% increase) million cases of major depressive disorder and anxiety

disorders, respectively, within the COVID-19 pandemic period between January 2020
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and January 2021 were globally estimated?t. Furthermore, a decline in mental health and
life satisfaction was documented in the United Kingdom and Spain?93.202,

Psychological-based interventions for individuals who have experienced infection with
the SARS-CoV-2 virus appear to be promising in alleviating the negative psychological
and social consequences of infection, including pharmacological treatments, cognitive
behavioral therapy, physiotherapy, yoga, and outdoor and indoor exercise?®?. Therefore,
it is imperative to continue monitoring the psychological and social components and the
effects of psychological interventions with the aim of maintaining or increasing well-

being in the post-pandemic era.

The present dissertation aimed to investigate whether individuals who had a positive
diagnosis of COVID-19 exhibited changes in cognitive function or depressive symptoms.
A novel aspect of our study was the inclusion of a control group of individuals who had
not experienced a positive diagnosis of this infectious disease, along with the use of a
longer follow-up period than have been employed in prior research.
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JUSTIFICATION

The physical and psychological health of individuals is of crucial importance for the well-
being of populations and the economic growth of countries and states. Some
psychological aspects, such as elevated levels of the personality trait of impulsivity, have
been demonstrated to have a deleterious association with dietary components. A positive
correlation has been observed between higher trait impulsivity values and the
consumption of unhealthy foods, food groups, and individual dietary patterns. However,
there is a paucity of studies that have assessed the longitudinal associations between trait
impulsivity and both healthy and unhealthy dietary patterns. The PREDIMED-Plus-
Cognition cohort has enabled the filling of this knowledge gap in the scientific field of
trait impulsivity and dietary habits. Moreover, to the best of our knowledge, no study has
assessed the longitudinal risk of developing type 2 diabetes or cardiovascular disease in
the associations between trait impulsivity and the incidence of the two aforementioned
cardiometabolic diseases. The NutriNet-Santé cohort allowed for an investigation of
whether elevated levels of trait impulsivity may be associated with an increased risk of

developing type 2 diabetes and cardiovascular disease.

On the other hand, the scientific literature has documented cross-sectional and positive
associations between glycemic dysregulations and trait and behavioral impulsivity. The
glycemic parameters assessed included insulin resistance and blood glucose levels, the
prevalence of type 2 diabetes, and poor glycemic control in participants with this chronic
insulin disease. Nevertheless, the lack of studies examining the prospective associations
between these glycemic-related parameters and trait and behavioral impulsivity, as well
as a global composite of these two impulsivity assessments, underscores the necessity for
further research in this scientific field. The PREDIMED-Plus-Cognition cohort provided
an opportunity to explore this novel approach by assessing a range of glycemic-related
parameters and their association with global, trait, and behavioral impulsivity scores.
Furthermore, there is a substantial and compelling body of evidence from the scientific
literature that suggests a link between glycemic dysregulations and longitudinal changes
in cognitive function. The PREDIMED-Plus study, permitted the examination of these
associations in the short term, using longitudinal data from only the second year of follow-

up, and the inclusion in a single manuscript of the associations between many glycemic-
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related parameters and a global cognitive function composite derived from eight cognitive
tests in a population of older Mediterranean adults with overweight or obesity and
metabolic syndrome who were further following a lifestyle intervention. The glycemic-
related parameters assessed included the evaluation of insulin resistance and blood
glucose levels, the prevalence of type 2 diabetes and the duration since the type 2 diabetes
diagnosis, a comparison between participants with poor and good diabetes control as
assessed by HbAlc levels, and the use of multiple diabetic medications.

The ongoing COVID-19 pandemic has prompted the conduction of extensive and high-
quality studies examining the relationship between COVID-19 status and cognitive
function and mental health status such as depression However, the majority of studies
have assessed these associations in the short term. Furthermore, some review manuscripts
have emphasized the paucity of studies that have employed control groups that were not
identified as positive cases of COVID-19%%, The thesis was conducted during the ongoing
pandemic, and therefore the PREDIMED-Plus study enabled the evidence to be
strengthened by employing a control group and evaluating the associations over a longer

follow-up period than in the majority of previous studies.
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HYPOTHESIS AND AIMS

Hypothesis 1: Higher trait impulsivity is associated with greater adherence to unhealthy
dietary patterns and lower adherence to healthy dietary patterns in older adults at high

cardiovascular risk.

Aim 1: To prospectively examine the associations between levels of trait impulsivity and
adherence to healthy and unhealthy dietary patterns within the context of the
PREDIMED-Plus-Cognition cohort (462 Spanish older adults at high risk of

cardiovascular disease over three years of follow-up).

Hypothesis 2: Higher trait impulsivity is associated with an increased risk of developing

cardiovascular disease.

Aim 2: To prospectively examine the associations between levels of trait impulsivity and
the risk of incident cardiovascular disease within the context of the NutriNet-Santé cohort

(48,377 general French adults over eight years of follow-up).

Hypothesis 3: Higher trait impulsivity is associated with an increased risk of developing

type 2 diabetes.

Aim 3: To prospectively examine the associations between levels of trait impulsivity and
the risk of developing type 2 diabetes within the context of the NutriNet-Santé cohort

(48,135 general French adults over eight years of follow-up).

Hypothesis 4: Glycemic dysregulations are associated with increased impulsivity.

Aim 4: To prospectively examine the associations of insulin resistance, glycated
hemoglobin, type 2 diabetes prevalence, and type 2 diabetes control with the global
impulsivity composite, as well as with trait and behavioral impulsivity domains, within
the context of the PREDIMED-Plus- Cognition cohort (487 Spanish older adults at high

risk of cardiovascular disease over three years of follow-up).
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Hypothesis 5: Glycemic dysregulations are associated with greater cognitive

dysfunction.

Aim 5: To prospectively examine the associations of insulin resistance, glycated
hemoglobin, type 2 diabetes prevalence, type 2 diabetes control, and diabetes medication
use with cognitive function changes over two years of follow-up within the context of the
PREDIMED-Plus cohort (6,874 Spanish older adults at high risk of cardiovascular

disease over two years of follow-up).

Hypothesis 6: The presence of COVID-19 is associated with greater cognitive
dysfunction.

Aim 6: To prospectively examine the associations of COVID-19 status
(negative/positive) with cognitive impairment and changes in cognitive function before
and after COVID-19 status ascertainment within the context of the PREDIMED-Plus
cohort (50 weeks after COVID-19 status ascertainment in 5,179 Spanish older adults at

high risk of cardiovascular disease).

Hypothesis 7: The presence of COVID-19 is associated with increased depressive

symptomatology and risk.

Aim 7: To prospectively examine the associations of COVID-19 status
(negative/positive) with depressive risk and changes in depressive symptomatology
before and after COVID-19 status ascertainment within the context of the PREDIMED-
Plus cohort (29 weeks after COVID-19 status ascertainment in 5,486 Spanish older adults

at high risk of cardiovascular disease).
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THE PREDIMED-PLUS AND
PREDIMED-PLUS-COGNITION STUDIES

Study Objective
The PREDIMED-PIlus study (in Spanish: PREvencion con Dleta MEDiterranea) aims to

assess the effect of an intervention, based on the promotion of an energy-restricted
Mediterranean diet and physical activity with behavioral support, on the primary
prevention of cardiovascular disease. Therefore, the main objectives of this study are to
assess the effect of an intensive lifestyle intervention on the incidence of cardiovascular
events (non-fatal myocardial infarction, non-fatal stroke, or cardiovascular death) and

weight change (weight loss and long-term weight-loss maintenance).

As secondary objectives are evaluated the effect of the intervention on the reduction of
waist circumference and acute coronary syndromes, coronary revascularization, total
mortality, heart failure, peripheral artery disease, venous thrombosis, atrial fibrillation,
type 2 diabetes and its complications, total cancer, cancer in main cancer sites (breast,
prostate, colorectal, lung and stomach), gallstone diseases, symptomatic gout,
neurodegenerative disorders (dementia and Parkinson’s disease), unipolar depression,
osteoporotic fractures, and eating behavior disorders. As intermediate outcomes are
assessed the effect of the lifestyle intervention on the nutrient intake and overall dietary
pattern, systolic and diastolic blood pressure, serum lipid concentrations, fasting glucose,
glycated hemoglobin and uric acid, kidney function, liver function, C-reactive protein,
medication needs of anti-hypertensive, anti-diabetic and lipid-lowering medications,
electrocardiogram traits, cognitive function, quality of life, and psychopathological
scales.

The PREDIMED-Plus-Cognition substudy was within the framework of the
PREDIMED-Plus study and has the aim to amplify psychological and cognitive

assessments.

Study Design
The PREDIMED-Plus study is an ongoing randomized, parallel-group, primary

prevention clinical trial conducted in 23 centers across Spain and in adult men aged 55—
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75 and adult women aged 60-75 with a BMI >27 and <40 kg/m2 who meet at least three
criteria for the metabolic syndrome?®. Participants allocated to the intervention group
received recommendations to follow an energy-restricted Mediterranean diet, physical
activity promotion, and behavioral support, whereas those participants in the control
group received only usual care general recommendations to follow an energy-unrestricted
Mediterranean diet. Participants were enrolled between September 2013 and December
2016 and performed the intervention program over 6 years further 2 additional years of

follow-up, having a total of 8 years of follow-up.

Initially, physicians evaluated potential candidates in order to know their predisposition
to be enrolled in the study. Later, they were called via telephone to explain the study and,
if they had the predisposition to participate in the study a last face-to-face screening visit
was done. If participants met with eligibility criteria and correctly completed the
administered questionnaires and records, they were invited to attend the baseline visit in
which the randomization procedure was performed. Participants were randomly allocated
in a 1:1 ratio to either the intervention or control group, using a centrally controlled,
computer-generated random-number internet-based system with stratification by center,
sex, and age (<65, 65-70, and >70 years). Couples sharing the same household were

randomized as pairs, using the couple as a randomization unit.

Participants in the intervention group were followed 3 times/month (an individual
motivational interview, a telephone call, and a group session). Participants in the control
group received nutritional educational sessions every 6 months (an individual visit and a
group session) to follow a non-caloric reduced Mediterranean diet using the same
PREDIMED study approach?®. No specific advice for increasing physical activity or
weight loss was provided to the control group. All participants received free extra virgin

olive oil (1 L/month) to reinforce their adherence to the Mediterranean diet.

The PREDIMED-Plus-Cognition sub-study was performed in 4 of the 23 centers across
Spain and is currently finalized with a total follow-up period of 3 years. Specialized
psychological personnel administered the psychological questionnaires and cognitive

tests.

Exclusion criteria for the PREDIMED-Plus study were: illiteracy or

inability/unwillingness to give written informed consent or communicate with study staff,
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institutionalization (the participant is a permanent or long-stay resident in a care home),
documented history or previous cardiovascular disease, active malignant cancer or history
of malignancy within the last 5 years (except non-melanoma skin cancer), inability to
follow the recommended diet or to carry out physical activity, a low predicted likelihood
to change dietary habits according to the Prochaska and DiClemente Stages of Change
Model?®, inability to follow the scheduled intervention visits, inclusion in another
program that provides advice on weight loss (>5 kg) in the six months before the selection
visit, history of surgical procedures for weight loss or intention to undergo bariatric
surgery in the next 12 months, history of small or large bowel resection, history of
inflammatory bowel disease, obesity of known endocrine origin (except for treated
hypothyroidism), food allergy to any component of the Mediterranean diet,
immunodeficiency or HIV-positive status, cirrhosis or liver failure, serious psychiatric
disorders as schizophrenia, bipolar disorder, eating disorders, or depression with
hospitalization within the last 6 months, any severe co-morbidity condition with less than
24 months’ life expectancy, alcohol abuse or addiction (or total daily alcohol intake >50g)
or drug abuse within the past 6 months, history of major organ transplantation, concurrent
therapy with immunosuppressive drugs or cytotoxic agents, current treatment with
systemic corticosteroids, current use of weight loss medication, concurrent participation
in another randomized clinical trial, patients with an acute infection or inflammation will
be allowed to participate in the study 3 months after resolution of their condition, and any

other condition that may interfere with adherence to the study protocol.

The study PREDIMED-Plus study protocol has been comprehensively described

elsewhere?’”2% gnd can be found at http://www.predimedplus.com.

The trial was registered in the International Standard Randomized Controlled Trial

registry and can be found on the website: http://www.isrctn.com/ISRCTN89898870.

Study Population

A total population of 9,677 individuals was assessed for eligibility, of which 6,874
participants were randomized. A total of 3,468 participants were assigned to the control
group and 3,406 to the intervention group. A total of 487 participants were further
included in the PREDIMED-Plus-Cognition study. A more detailed flowchart is

presented in Figure 2.
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Figure 2. Flowchart of the PREDIMED-Plus and PREDIMED-Plus-Cognition

populations.
9,677 assessed for elegibility
2,803 excluded
- 2,271 refused to participate
532 did not meet inclusion
criteria
; 487 included in th
6,874 included in the -~ PRIIEII;)CII\leEE) Fl’r the
PREDIMED-Plus study DIVIED-FIUS-
Cognition substudy
Y Y
6,068 individually randomized 806 randomized by couples
A Y
3,051 individually randomized 3,017 individually randomized
416 randomized by couples 390 randomized by couples
Y Y
3,467 assigned to the 3,407 assigned to the
control group intervention group
Y A
247 assigned to the 240 assigned to the
control group intervention group

The ethical committees of all participating institutions approved the procedures and the
study protocol following the Declaration of Helsinki standards, and all the participants

signed the written informed consent.

Measurements

Several measurements were assessed and the data collection by visits of both the
PREDIMED-Plus and PREDIMED-Plus-Cognition studies are described in Table 1. The
measurements included in both studies are described in the following paragraphs of this

section.

66



UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Gémez Martinez

Table 1. Data collection by visits in the PREDIMED-Plus and PREDIMED-Plus-
Cognition studies.

Measurements Visits

S1 S2 S3 YO 6m Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8

Eligibility questionnaire X
3-day food register X

Anthropometric
measurements

General questionnaires X
143-item FFQ X X X X X X X X X X

Mediterranean diet
questionnaires

X
X
X
X
X
X
X
X
X
X

Physical activity
questionnaires

Chair test X X

X
X
X
X
X
X
X
X
X
X
X

X
X

Accelerometers
Follow-up questionnaire X
Electrocardiogram X

Blood pressure X X X

X X X X X
X X X X X
X X X X X

Blood sample

Urine collection

X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X
X X X X X X X X X

X X X X

Nail collection
Neuropsychological tests X X X X

Psychopathological
questionnaires

X
X
X
X
X
X
X
X
X

Quality of life
questionnaires

PREDIMED-Plus-
Cognition questionnaires

PREDIMED-Plus-
Cognition tests

X X X

X X X

Abbreviations: S, screening visit; m, month; Y, year; FFQ, food frequency questionnaire
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Regarding the PREDIMED-Plus study, the eligibility questionnaire selected the
participants that can be enrolled in the final population with inclusion and exclusion
criteria. The food register of 3 days recorded the aliments and quantity ingested in the last
3 complete days. Anthropometric measurements assessed weight, height, and waist

circumference.

General questionnaires recorded medical data on medical and family history, and use of
medications. The 143-item food-frequency questionnaire (FFQ), validated in Spanish
populations®®, evaluates the quantities and amounts of specific aliments in their

210 also named

respective food groups. The validated Mediterranean Adherence Screener
the 14-point Mediterranean diet questionnaire, assessed the typical Mediterranean food
pattern exclusively in the control group. The validated 17-point energy-restricted
Mediterranean diet?!! assessed the Mediterranean diet with further caloric restriction.
Physical activity assessment included the validated Regicor Short Physical Activity
Questionnaire?*2, as well as the Physical Activity Readiness Questionnaire?'®, Rapid
Assessment of Physical Activity?!4, the Nurses’ Health Study sedentary lifestyle
questionnaire?™®, and the 30 seconds Chair Test is a measurement of lower body strength
in older adults. Each participant in the intervention group received a pedometer to self-
monitor the number of day steps. A total of 50% and 20% of participants in the
intervention and control groups, respectively, were further provided with accelerometers
for the purpose of quantifying physical activity. The follow-up questionnaires asked about

clinical events during follow-ups.

Electrocardiograms were conducted at primary care centers. The collection of fasting
blood samples enabled the measurement of lipid profiles (total cholesterol, HDL-
cholesterol, LDL-cholesterol, and triglycerides), fasting plasma glucose, blood cell count,
serum sodium, potassium, calcium, uric acid, urea, creatinine, albumin, C-reactive
protein, erythrocyte sedimentation rate, glycated hemoglobin, liver function tests (serum
bilirubin, alkaline phosphatase, alanine transaminase, aspartate aminotransferase, and
gamma-glutamyltranspeptidase) and optional coagulation tests (prothrombin time,
activated partial thromboplastin time and fibrinogen). Morning spot urine collection
allowed us to obtain albumin and creatinine in urine, and nail sample collection was also

obtained from participants.
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The neuropsychological evaluation included a battery of 6 cognitive tests: the Mini-
Mental State Examination (MMSE)?Y, the Clock Drawing Test (CDT)?!8, the Digit Span
Test (DST) forward (DST-f) and backward (DST-b) sections?®, the Verbal Fluency Test
(VFT) animals (VFT-a) and letter “p” (VFT-p) categories??®??!, and the Trail Making
Test (TMT) A (TMT-A) and B (TMT-B) sections???. Quality of life assessment was
evaluated using the Short Form-36 Health Survey?%. Psychopathological questionnaires
included the Beck Depression Inventory-11 (BDI-11)??4, the Multidimensional Scale of

Weight Locus Control??, and a screening for eating disorders?2°,

Regarding the PREDIMED-Plus-Cognition sub-study, several psychological
questionnaires were administered, including the lack of premeditation, lack of
perseverance, negative urgency, and positive urgency (UPPS-P) Impulsive Behavior
Scale®, the Yale Food Addiction Scale??, the Functioning Assessment Short Test??8, and
the Dysexecutive Questionnaire®?®. Cognitive tests were also administered, including the
Montreal Cognitive Assessment (MoCa)?*°, the Stroop Color Word Test (STCW)?%, the
Symbol Digit Modalities Test (SDMT)?*, the Rey Auditory Verbal Learning Test
(RAVLT)?®, and the Rey—Osterrieth Complex Figure Test (ROCF)?34. Furthermore, the
computerized lowa Gambling Task (IGT)?® and the Conners’ Continuous Performance
Test Third Edition (CPT)?% were administered.

The pandemic of COVID-19 occurred while the PREDIMED-Plus study was ongoing
and all participants were being recruited. This exceptional situation changed the design
of the PREDIMED-Plus study. However, an adaptation of the intervention was made
during the sanitary restrictions that occurred in Spain during March/2020-June/2021, in
order to adapt the way to collect data and maintain the compliance of the study?’. Figure
3 shows when the sanitary restrictions in Spain due to the COVID-19 disease affected the
follow-up visits of the PREDIMED-Plus participants. Since PREDIMED-Plus is a
multicenter study, it was susceptible to regional health regulations. Therefore, between
June and July 2021, a questionnaire was sent to all principal investigators to assess the
general impact of social and mobility restrictions enforced to slow COVID-19
transmission on the PREDIMED-PIlus intervention and data collection. This COVID-19
questionnaire was divided into five study periods (Mar-May/2020, Jun-Aug/2020, Sep-
Dec/2020, Jan-Mar/2021, and Apr-Jun/2021) and consisted of two parts. Part A included
8 questions related to the percentage of time spent in lockdown and the severity of the

restrictions imposed, with responses ranging from 0% "There was no lockdown during
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this period™ to 100% "There was total restriction during the entire period. Part B included
7 questions related to the proportion of different methods used for contacting participants,
data collection, and intervention strategies, with responses ranging from 0% "This method
was not used” to 100% "This was the only method used”. For intermediate situations,

investigators were asked to use only the percentages 25%, 50%, and 75%%".

Figure 3. Influence of sanitary restrictions in Spain due to COVID-19 on the follow-up
of participants in the PREDIMED-Plus trial.
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Abbreviations: v00, baseline visit; v02, second-year follow-up visit; v04, fourth-year
follow-up visit; v06, sixth-year follow-up visit; v08, eighth-year follow-up visit. The
PREDIMED-Plus intervention was conducted between the vOO and the v06 visits. No
intervention was conducted and only observational data was collected between the v06
and v08 visits.

Measurements of Interest

For the purpose of this doctoral thesis, a comprehensive description of the exposures and
outcomes of interest will be described in this section.

Concerning diet, a total of 10 scores assessing adherence to several dietary patterns were
estimated using questionnaires and the 143-FFQ, and a brief description of all of them is
described below. Plant-based diets are characterized by higher consumption of plant-
based foods rather than animal sources and are typically associated with less risk of
cardiovascular disease?*®. The Healthy and Unhealthy Plant-Based dietary patterns were

239

obtained using the respective dietary scores=>°. Mediterranean diet was associated with
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improved health status and especially less risk of cardiovascular disease incidence?%>2%,
Mediterranean diets are based on the consumption of fruits and vegetables, whole grains,
extra virgin olive oil as principal fat, nuts, white meat, and fish. The adherence to both
the Mediterranean diet and the energy-restricted Mediterranean diet was evaluated using
the 14-point and 17-point Mediterranean Diet Adherence Screener?'%2!!, respectively.
The United States defined nutritional guidelines in order to reduce the incidence of
cardiovascular disease. hese guidelines focus on dietary intake that includes vegetables,
fruits, whole grains, nuts, legumes, long-chain omega-3 fatty acids, and polyunsaturated
fats, while limiting the consumption of red meat, trans fats, and sugar-sweetened
beverages. The 2010 Alternative Healthy Eating Index?*! is the dietary pattern following
these recommendations and was also estimated for the present work. The Portfolio diet?42
is a plant-based dietary pattern, focusing on recognized lowering-cholesterol food intake
and having as key components soluble fibers, plant sterols and stanols, nuts, and soy
proteins. This diet was originally developed in Canada and was also obtained for the
current work. The DASH?* is a dietary pattern aiming to reduce hypertension and
focusing on high vegetables, fruits, whole grains, lean proteins, nuts, seeds, legumes, and
low-fat or fat-free dairy products consumption as well as reducing sodium and sweets and
added sugars. The Mediterranean-DASH Intervention for Neurodegenerative Delay
(MIND)?* is a hybrid of the Mediterranean and DASH diets. This dietary pattern aims to
promote brain health and reduce the risk of neurodegenerative diseases by emphasizing
foods believed to benefit the brain, such as green leafy vegetables, berries, nuts, olive oil,
fish, poultry, and moderate wine consumption, while limiting sweets, pastries, and fried
and fast foods. The EAT-Lancet developed the Planetary Healthy Diet or EAT-Lancet
diet?®, a set of dietary recommendations aiming to create a diet that is not only healthy
for individuals but also sustainable for the planet. The key components are established on
plant-based emphasis, moderate and ecological-based animal consumption such as fish,
poultry, eggs, and dairy, and limited added sugars and caloric intake according the sex.
Finally, the author of this thesis developed a Western diet score*®, an unhealthy dietary
pattern related to several chronic diseases'!®. A summary of the principal dietary
components of this diet, as well as the methodology for calculating Western dietary

patterns, is provided in Table 2.
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Table 2. Principal dietary components of the Western diet and the methodology used to
obtain the Western dietary pattern score.

Food group Food components
Low intake
Whole grains Integral pasta; integral rice; integral bread; integral muesli
Fruits Orange, grapefruit or mandarin; banana; apple or pear;
strawberry; cherry or plum; peach; watermelon; melon; kiwi;
grape
Vegetables Chard or spinach; cabbage, cauliflower or broccoli; lettuce,

endive or escarole; tomato; carrot or pumpkin; green bean;
eggplant, zucchini or cucumber; pepper; asparagus; gazpacho;
onion; garlic; boiled potato; other vegetables

Fish White fish; blue fish; natural canned fish; oil canned fish

Nuts Almond; pistachio; walnut; other nuts

Legumes Lentil; bean; chickpea; pea or broad pea;

High intake

Refined grains White pasta; white rice; white bread

Fast/fried foods Pizza; croquette; fried potato; chips; snacks

Red and processed Calf; pork; lamb; hamburger or meatball; bacon; liver; other

meats animal entrails; serrano ham; York ham or cocked ham;
processed meats

Butters Butter; margarine; lard

High sugar drinks High sugar carbonated beverages; bottling or canned fruit
juices

Sweets and desserts ~ Cookies; chocolate cookies; cake; sponge cake; croissant;
donut; cupcake; churros; chocolate; nougat; marzipan

The amount of each food component was determined by considering the frequency of
consumption multiplied by the standard serving amount.

Each food group was divided into quintiles: 1% quintile = 1 point; 2" quintile = 2 points;
3" quintile = 3 points; 4™ quintile = 4 points; 5" quintile = 5 points.

The total score for each low-intake food group was reversed.

Western diet score was obtained following the formula: Western diet = refined grains +
fast/fried foods + red and processed meats + butters + high sugar drinks + sweets and
desserts + whole grains + fruits + vegetables + fish + nuts + legumes.

Regarding glycemic status, we will use data on insulin resistance, glycated hemoglobin,
type 2 diabetes prevalence and duration, and control of diabetes in those participants with
type 2 diabetes. Blood samples were collected in fasting conditions and glycated
hemoglobin (HbALc) and insulin were obtained by routine laboratory methods. Insulin
was obtained by an electrochemiluminescence immunoassay using an Elecsys
immunoanalyzer (Roche Diagnostics, Meylan, France), and the Homeostasis Model

Assessment of Insulin Resistance (HOMA-IR) index was calculated®*’. Prediabetes and
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type 2 diabetes status were defined following the Diabetes Association criteria®®.

Prediabetes status was determined by HbAlc being between 39 mmol/mol (5.7%) and 46
mmol/mol (6.4%), or having fasting plasma glucose between >100 mg/dl and <125 mg/dl.
Type 2 diabetes was defined with a previous diagnosis of diabetes, HbA1c >48 mmol/mol
(6.5%), use of antidiabetic medication, or having fasting plasma glucose >126 mg/dl in
both the screening and baseline visits. Furthermore, diabetes duration was also assessed
by self-reported data in less than 5 years or equal to or more than 5 years of diabetes
duration. The rest of the participants who did not meet any of these criteria were
categorized into the non-diabetes category. Therefore, all the possible categories of
diabetes status were: no diabetes (excluding those with prediabetes); no diabetes
(including those with prediabetes); prediabetes; type 2 diabetes prevalence; less than 5
years of diabetes duration; more than 5 years of diabetes duration. Control of diabetes
was assessed using HbA1c cut-offs, following the Diabetes Association criteria®*®. Good
control and poor control of diabetes were categorized using the following values: (HbAlc
<57 mmol/mol or >57 mmol/mol; 57 mmol/mol = 7.4%), respectively. Moreover,
diabetes treatment was also evaluated using self-reported data on insulin, sulfonylureas,

metformin, or dipeptidyl peptidase-4 inhibitors (IDPP-4) medication use.

Concerning impulsivity, both trait and behavioral impulsivity were measured. Trait
impulsivity was assessed using the validated Spanish version?®® of the Impulsive
Behavior Scale (UPPS-P) questionnaire®. This scale assesses 5 impulsivity-related
dimensions, including negative urgency, (lack of) perseverance, (lack of) premeditation,
sensation seeking, and positive urgency. Each subscale was generated by adding their
respective items and the total score was obtained by adding all the items. The UPPS-P
score ranges between 0 to 236 points and higher scores indicate higher impulsivity.
Behavioral impulsivity was evaluated using the CPT third edition, the IGT, and the
SCWT. The CPT is a computer-based task in which participants have to press the space
bar over 14 minutes in response to stimuli. The CPT reports several measurements, and
the commissions and perseveration scores were the selected scores due to they were
impulsivity-related assessments?3®. The commission score indicates failed targets (e.g.:
responding to a non-target), whereas the perseveration score indicates random or
anticipatory responses (e.g.: hit reaction time <100ms). For both assessments, higher
scores reflect higher impulsivity. The IGT®? is a computer-based task in which

participants have to choose across 4 card decks. With each choice, a monetary reward or
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punishment appears and the final objective is to win as much money as possible. The IGT
evaluates risky decision-making, a measure related to impulsivity?®. Higher scores on the
IGT indicate lower impulsivity because participants showed better performance under a
risky decision-making situation. The Spanish version of the SCWT?% contains three
different tasks in which congruent and incongruent stimuli, based on words and the color
printed in the words, are presented. Each task allows for 45 seconds, and an interference
score was obtained from the values of the three different tasks. This interference score
assesses the participants’ inhibition control capacity, a measure related to impulsivity?®.

Higher scores indicate better inhibition control and therefore, lower impulsivity.

Regarding cognitive function, it is assessed different cognitive performance assessments
based on a battery of 8 cognitive tests. The MMSE?Y is a cognitive screening test
validated for Spanish populations®!, being also an assessment of general cognitive
function. The MMSE includes several sections, being temporal orientation, spatial
orientation, registration, attention and calculation, remote memory, naming 2 objects,
repeating a sentence, stage a command of mobility, writing a complete sentence, reading
a sentence and obeying a command, and copy two pentagons with an intersection. The
MMSE has a maximum punctuation of 30 points, and higher scores indicate better
cognitive performance. The CDT?® is a cognitive screening test and the Spanish 7-point
version®? was used. The CDT evaluates visuospatial, visuoconstruction, memory
capacities, and verbal and numerical knowledge?*® asking the participant to draw a clock
with a specific hour. Higher scores indicate better cognitive function. The VFT?2922! was
psychometrically assessed in Spanish populations®22%3, and the semantic VFT animals
and the phonological VFT letter “p” categories for Spanish populations were assessed.
For both tasks, participants have 60 seconds to say the maximum words they can
concerning animals for the VFT-a and to start with the letter “p” for the VET-p. Higher
scores of the VFT-a and the VFT-p reflect better language and executive function
capacities?®. The TMT?22 consists of two different sections, existing normative data for
Spanish populations?®. In the first section, the TMT-A, participants have to connect
consecutively numbers drawing a line. In the second section, the TMT-B participants
have to connect consecutively and alternatively numbers and letters (1-A-2-B-3-C-...).
The TMT-A assesses processing speed?®, whereas the TMT-B evaluates cognitive
flexibility?®. The time spent for each section was the total punctuation, and higher scores

indicate poorer cognitive performance.
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Concerning depression, it was assessed by using the BDI-II, a 21-item self-report
inventory designed to quantifythe severity of depressive symptomatology in adolescent
and adult populations??*, Each item is scored on a 4-point Likert scale, with scores ranging
from 0 to 3. Depressive symptomatology was assessed as a continuous variable using the
total score of the BDI-II (range: 0-63 points), and as a dichotomous variable using the
internationally validated cut-off for obtaining low (<14) and elevated (>14) depression

risk categories.

Regarding COVID-19 disease, the occurrence of COVID-19 (negative/positive) was
defined by the PREDIMED-Plus Clinical Event Ascertainment. Clinical event
adjudication was based on information from the participants' medical records, which were
reviewed annually by the participating physicians. This determination was based on the
Centers for Disease Control and Prevention (CDC) guidelines, which define a negative
or positive COVID-19 event based on the detection of SARS-Cov-2 by polymerase chain
reaction (PCR) or antigen tests such as the immunoglobulin test G (IgG)?’, or if the
physician noted in the participant's Spanish medical history that they had a positive
COVID-19 disease event. Participants who did not have a confirmed or probable positive
case of COVID-19 disease were considered to be COVID-19 negative (i.e., presumed not
to have experienced the infection). In addition, a sub-sample of the PREDIMED-Plus
study underwent serologic testing using SARS-CoV-2 IgG ELISA kits (n=3,982)
between 3 March 2020 and 25 December 2021.
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THE NUTRINET-SANTE STUDY

Study Objective

The NutriNet-Santé study aims to investigate the associations between nutrition and
health outcomes such as healthy aging, quality of life, obesity, hypertension, metabolic
syndrome, type 2 diabetes, cardiovascular disease, cancers, depression, and mortality,
among others?®8, Secondary objectives are concerned with the study of determinants of
nutritional status, such as psychological, sociological, economic, and cultural factors
associated with diet and the consequent nutrition-related health, as well as their
interactions. Furthermore, the NutriNet-Santé study aims to study the nutritional status of
the population over time, assess the level of exposure to nutritional risks, and estimate the
impact of public health campaigns or activities on the population®,

Study Design

The NutriNet-Santé study is an observational, web-based, ongoing prospective cohort
study conducted in the general population in France. Participants are being recruited
through an extensive nationwide multimedia initiative started between April and May
2009 using an extensive multimedia campaign including television, radio, national and
regional newspapers, posters, and the internet. The aim was to raise public awareness of
the study, call for volunteers, and provide information on enrollment procedures. This

information is accessible through the study website: http://www.etude-nutrinet-sante.fr.

The call for volunteers is The NutriNet-Santé study is an observational, web-based,
ongoing prospective cohort study of the general population in France. Participants are
being recruited through an extensive nationwide multimedia initiative launched between
April and May 2009 using a comprehensive multimedia campaign including television,
radio, national and regional newspapers, posters, and the internet. The aim was to raise
public awareness of the study, call for volunteers, and provide information on enrollment

procedures. This information is available on the study website: http://www.etude-

nutrinet-sante.fr. The call for volunteers is prominently displayed on the websites of all

institutional partners involved in the study. A poster and bulletin board advertising
campaign are conducted through various professional channels, including physicians,

pharmacists, dentists, and town hall administrators. Enrollment will remain open
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throughout the study duration, and consists of three dietary questionnaires and a
sociodemographic, lifestyle, health status, anthropometric, and physical activity
questionnaire. During follow-up, additional questionnaires were administered and
participants can update their self-reports of health events via the NutriNet-Santé intranet,
which are validated by an expert NutriNet-Santé committee that has access to the medical
information recorded in the Systeme National d'Information Inter-Régimes de
I'Assurance Maladie (SNIIRAM) through the Caisse Nationale de I'Assurance Maladie

(CNAM) of the French national health insurance system.

The inclusion criteria are adult volunteers aged with or higher than 18 years old, who
have access to and ability to manage internet features and speak French fluently, with no

further exclusion criteria being determined.

The study protocol is described elsewhere?®® and can be found at: https://www.info.etude-

nutrinet-sante.fr/siteinfo/.

The cohort was registered on 11" October 2017 in the International Standard Randomized
Controlled Trial registry, entitled “The NutriNet-Santé Study. A Web-based Prospective
Cohort Study of the Relationship Between Nutrition and Health and of Dietary Patterns
and Nutritional Status Predictors” and with a cohort registration number of
NCTO03335644. This information can be found at the following website link:
https://www.clinicaltrials.gov/ct2/show/NCT03335644.

Study Population

It is estimated that the NutriNet-Santé study population currently consists of
approximately 200,000 volunteers. For the purposes of the current work, the total
population was only considered up to November 2014, when the trait impulsivity was
assessed. At that time, the total population consisted of 157,611 participants, but only
32.4% of participants had a valid impulsivity questionnaire assessment. A detailed
flowchart illustrating the study population is provided in Figure 4.
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Figure 4. Flowchart of the NutriNet-Santé population.
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All participants report an electronic informed consent. Procedures were approved by the
Commission Nationale de I’Informatique et des Libertés (CNIL no: 908450 and 909216)
and the Institutional Research Board of the French Institute for Health and Medical
Research (IRB INSERM no: 0000388FWA00005831), according with the Declaration of
Helsinki standards.

Measurements

The NutriNet-Santé study has an inclusion kit of questionnaires, one questionnaire for
each month of follow-up, and a similar inclusion kit of questionnaires when a full year of
follow-up has been achieved. The same structure was implemented for subsequent
follow-up visits, with the expectation that participants would have at least 10 years of

follow-up records. Additionally, from the beginning of the study to the 14" December
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2016, and from the 15" December 2016 to the present date, the way in which the
questionnaires were administered to participants presented modifications. In addition,
additional questionnaires were sent out to all participants on specific dates.

Regarding the inclusion kit of questionnaires, a registration questionnaire including sex
as well as date and location of birth was recorded. A sociodemographic questionnaire
including household, household situation, current profession, professional status, higher
education level achieved, partner situation, household income, tobacco and alcohol
consumption, and seafood products were collected. A health status questionnaire asking
for cardiovascular, cancers, type 2 diabetes, other diseases, healthcare, family history of
diseases, blood pressure, medication use, disabilities, and reproductive history (only for
women) was recorded. An anthropometric questionnaire included a self-reported weight
and height measurement and also asked for recent weight change, weight fluctuation
history, dieting, and intentional weight loss. Regarding the physical activity and sedentary
behavior questionnaire, the International Physical Activity Questionnaire (IPAQ)%® was
administered obtaining low, moderate, and high categories of physical activity. To finish
with the inclusion kit questionnaire, three 24-hour dietary records have to be completed
by the participants and these records will provide a comprehensive account of their dietary
habits, including the types and quantities of foods and beverages consumed, as well as
the associated details such as time and location.

Subsequently, depending on the month each participant reached in the study, a specific
questionnaire was sent to them. The list of questionnaires sent from the beginning of the

study until December 14, 2016, can be found at the following link: https://info.etude-

nutrinet-sante.fr/siteinfo/article/52. The list of sent questionnaires from the 15" December

2016 to the present date can be found in the following link: https://info.etude-nutrinet-

sante.fr/siteinfo/article/53. The questionnaires sent at specific time points can be found in

the latter two links mentioned at the bottom of the webpage. An example of the

questionnaire administration during the first year of follow-up is shown in Figure 5.

The NutriNet-Santé study focuses on any minor or major health event of the participants,
who can upload data on their health status at any time via the NutriNet-Santé intranet.
The NutriNet-Santé Medical Expert Committee evaluated the participants' health status

updates using a multi-source approach to validate the health events.
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Figure 5. NutriNet-Santé questionnaire administration across the first year of follow-up.
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Measurements of Interest

Trait impulsivity was assessed using the 11th version of the Barratt Impulsiveness Scale
(BIS-11)%°, which was adapted from the validated French version of the BIS-10%5, The
BIS-11 is the most widely used instrument to assess trait impulsivity in both research and
clinical practice?2. This questionnaire was administered to participants between May and
November 2014. The BIS-11 was a self-reported questionnaire with a 4-point Likert scale
scoring, which ranges from “rarely/never” (1 point) to “almost always/always” (4 points).
Item examples are: “I do things without thinking?”, or “I act on impulse?”. Additionally,
the BIS-11 presents a total of three subfactors, being the attentional, motor, and non-
planning subfactor scales. The total trait impulsivity score from the BIS-11 ranges from
30 to 120, with higher scores reflecting higher trait impulsivity. The total score showed

an acceptable internal consistency displaying a 0.77 a Cronbach coefficient.

Cardiovascular disease and type 2 diabetes cases were identified through a
comprehensive approach involving multiple sources. Participants were asked to report
any new health status event, including type 2 diabetes and cardiovascular disease, through
yearly questionnaires, the health status check-up sent every six months, or spontaneously
at any time using the NutriNet-Santé intranet. These health events were reviewed by the

NutriNet-Santé physician expert committee, and they asked participants, participants’
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physicians, or medical institutions to complement this health status event with additional
medical records, such as diagnoses, examinations, or hospitalizations. When participants
did not upload information for a year or more, the physician expert committee contacted
the participants’ families or physicians to know about the health status of the participants.
Moreover, cardiovascular disease and type 2 diabetes events were linked to the SNIIRAM
database, administered by CNAM, as well as to the French National Mortality Registry
(CépiDC) to identify mortality due to cardiovascular disease or type 2 diabetes events.
This linkage limits the potential bias of participants who did not report a cardiovascular
disease or type 2 diabetes event. The SNIIRAM uses the International Chronic Diseases
Classification Clinical Modification 10th Revision (ICD-10)?® to ascertain incident cases
of cardiovascular disease or type 2 diabetes. Incident cardiovascular disease events were
classified as coronary heart disease [myocardial infarction (I21), acute coronary
syndrome (120.0 and 121.4), angina pectoris (120.1, 120.8, 120.9), and angioplasty
(295.8)], and as cerebrovascular disease [stroke (164), transient ischaemic attack (G45.8
and G45.9)]. Participants contributed person-time from their impulsivity assessment until
the date of cardiovascular disease or type 2 diabetes event, date of last follow-up, date of

death, or 8™ February 2023, whichever occurred first.
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STATISTICAL ANALYSES

Statistical analyses were described in detail in each chapter of the results section of the
present doctoral thesis. The statistical analyses conducted were performed using the
PREDIMED-Plus database in the second year of follow-up, the complete Predimed-Plus-
Cognition database, and the NutriNet-Santé database which includes data regarding trait
impulsivity until 8" February 2023. Briefly, the statistical analyses conducted were as
follows:

- Descriptive population analyses were conducted using means and standard deviations
(SD) for continuous variables and numbers and percentages (%) for qualitative
variables. In the NutriNet-Santé analyses, the median and interquartile range for the
follow-up period were determined. The evaluation of differences in exposure
variables of interest was conducted using the t-test for dichotomous variables, the one-
way ANOVA test for categorical variables, and the Pearson chi-square test for
quantitative variables.

- Main prospective analyses were conducted using linear regression models and linear
mixed models, with the estimation of beta coefficients. Logistic regression models
were employed to calculate odds ratios. Cox regression models were utilized to
estimate hazard ratios, cumulative hazard functions, and person-time contributions.
Additionally, incidence rates were calculated to assess the frequency of events
occurring over time. The aforementioned coefficients were presented with 95%
confidence intervals.

- Interaction analyses were conducted using the likelihood ratio test, which involved
comparing the primary model with a model that included an interaction term between
the exposure variable and the primary covariate of interest. In instances where a
significant interaction was identified, the results were stratified according to the
particular covariate of interest. Some of these covariates of interest were intervention

group, sex, age, or body mass index status.

All analyses were performed using STATA versions 14 and 18 (StataCorp LLC;
http://www.stata.com). Statistical significance was determined at a threshold of p-value
< 0.05.
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Impulsivity is longitudinally associated R

with healthy and unhealthy dietary patterns

in individuals with overweight or obesity

and metabolic syndrome within the framework
of the PREDIMED-Plus trial

Carlos Gomez-Martinez'*? Nancy Babio'**", Jordi Julvez*, Stephanie K. Nishi'?3°5,

Fernando Fernandez-Aranda®’, Miguel Angel Martinez-Gonzélez*®, Aida Cuenca-Royo®”,

Rebeca Fernandez>'°, Susana Jiménez-Murcia®”, Rafael de la Torre**!", Xavier Pint6™>'%13,

Mirjam Bloemendaal'*'*, Montse Fit6>°, Dolores Corella®'?, Alejandro Arias'*'> and Jordi Salas-Salvadd '

Abstract

Background: Few studies have analyzed the associations between impulsivity and dietary patterns. Some of them
have shown a cross-sectional inverse relationship between impulsivity and healthy diet scores, whereas others
reported a positive association with unhealthy dietary assessments. We aimed to examine longitudinal associations of
impulsivity trait with adherence to healthy and unhealthy dietary patterns in older participants at high risk of cardio-
vascular disease over 3 years of follow-up.

Methods: A 3-year prospective cohort analysis within the PREDIMED-Plus-Cognition study conducted in 4 PRED-
IMED-Plus study centers was performed. The PREDIMED-Plus study aimed to test the beneficial effect of a lifestyle
intervention on the primary prevention of cardiovascular disease. The participants with overweight or obesity and
metabolic syndrome included in the present study (n =462; mean age of 65.3 years; 51.5% female) completed both
the UPPS-P Impulsive Behavior Scale (range: 0-236 points) and the 143-item Food Frequency Questionnaire at base-
line, 1-year and 3-years of follow-up. Ten diet scores assessing healthy and unhealthy dietary patterns were evalu-
ated. Linear mixed models were performed adjusting by several confounders to study the longitudinal associations
between impulsivity trait and adherence to dietary pattern scores over 3 years of follow-up (also assessing interac-
tions by sex, age, and intervention group).
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Results: Impulsivity were negatively associated with adherence to the Healthy Plant-Based [3 =-0.92 (95%Cl -1.67,
-0.16)], Mediterranean [3 =-0.43 (95%Cl -0.79, -0.07)], Energy-Restricted Mediterranean [3=-0.76 (95%Cl -1.16,-0.37)],
Alternative Healthy Eating Index [ =-0.88 (95%CI -1.52,-0.23)], Portfolio [3 =-0.57 (95%Cl -0.91, -0.22)], and DASH
[B=-0.50 (95%Cl-0.79, -0.22)] diet scores over 3 years of follow-up, whereas impulsivity was positively related with
adherence to the unhealthy Western diet [ =1.59 (95%Cl 0.59, 2.58)] over time. An interaction by intervention group
was found, with those participants in the intervention group with high impulsivity levels having lower adherence to

several healthy dietary patterns.

Conclusions: Heightened impulsivity was longitudinally associated with lower adherence to healthy dietary patterns
and higher adherence to the Western diet over 3 years of follow-up. Furthermore, nutritional intervention programs
should consider impulsivity as a relevant factor for the intervention success.

Trial registration: Name of registry: Effect of an energy-restricted Mediterranean diet, physical activity and behav-
ioral intervention on the primary prevention of cardiovascular disease. Trial registration number: ISRCTN 89,898,870.

Date of registration: 05/28/2014.

Keywords: Alternative Healthy Eating Index, DASH diet, Dietary patterns, Mediterranean diet, MIND diet, Planetary

Health Diet, Plant-based diet, Portfolio diet, Impulsivity

Introduction

Excessive food consumption and weight gain are recog-
nized public health problems, with obesity prevalence
being a global epidemic which has tripled since 1975
[1]. Psychological characteristics, such as psychological
traits, are considered relevant factors in regard to food
choice and dietary intake throughout the lifespan [2-4].
Impulsivity is one psychological trait that has been pro-
posed as being an important factor conditioning eating
behaviors, and therefore weight gain or weight loss, and
the risk of obesity [5-8].

Personality traits are relatively stable characteristics
of individuals, yet can present as a spectrum of possible
behaviors given they may be affected by situational cues,
specific environmental and social pressures can induce
some extreme behaviors across the spectrum of psycho-
logical traits [9]. These psychological traits have been
recognized as important predictors for health related-
outcomes [10]. For example, the impulsivity trait has
been proposed as a key factor in successful weight loss
in people with extreme obesity who are candidates for
bariatric surgery [11]. Impulsivity is defined as “a pre-
disposition toward rapid unplanned reactions to internal
or external stimuli without regard to the negative conse-
quences of these reactions to the impulsive individuals or
to others” [12]. Impulsivity can affect different aspects of
a persons’ life and may be determined by both the genetic
background and an individuals’ development [13, 14].
Impulsivity predisposes individuals to respond to their
emotional urges, to lack premeditation and planning, and
have sensation seeking [15].

Impulsivity has also been related to difficulties delay-
ing immediate rewards [16—18]. In relation to dietary
assessments, few cross-sectional studies have suggested
that low impulsivity levels are associated with higher

adherence to healthy dietary assessments [3, 5]. Specifi-
cally, lower impulsivity has also been related with greater
control of food intake and body weight [3], and less emo-
tional eating. Furthermore, in comparison to restrained
and non-restrained dieters, impulsivity has been postu-
lated to play a role in modifying the participants’ capacity
to adhere to an specific diet, which could lead to over-
eating [6, 7]. Greater impulsivity has also been found to
be positively associated with total energy intake, as well
as an increased consumption of saturated fats, sugars,
appetizers and snacks [5, 19]. Recently, a French study
reported that participants with higher levels of impul-
sivity exhibited a reduced capacity to follow the French
nutritional guidelines, assessed by an a priori healthy die-
tary pattern quality score [5].

To date, limited research has been conducted evalu-
ating the association between impulsivity and dietary
assessments, with only cross-sectional evidence being
available [3, 5-7]. Additionally, to our knowledge, only
one of these aforementioned studies involved analysis of
a dietary pattern score [5]. The PREDIMED-Plus-Cogni-
tion study presents an opportunity to fill this knowledge
gap enabling a longitudinal assessment of impulsivity
trait and dietary patterns using repeated measures of
impulsivity and diet consumption for a follow-up period
of 3 years.

Therefore, the aim of our study was to evaluate longitu-
dinal associations between impulsivity levels and adher-
ence to different dietary pattern scores in an older senior
population at high cardiovascular risk. We hypothesized
that higher impulsivity trait would be associated with
lower adherence to healthy dietary patterns and higher
with unhealthy dietary patterns.


http://www.isrctn.com/ISRCTN89898870
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Methods

Study design

The present work provides an observational prospec-
tive cohort design using baseline, 1-year and 3-year
follow-up data of the PREDIMED-Plus-Cognition pop-
ulation, a sub-study conducted within the PREDIMED-
plus (in Spanish: PREvencién con Dleta MEDiterrdnea)
framework. The PREDIMED-Plus study is an ongoing
6-year multicenter, randomized, parallel-group clini-
cal trial conducted in Spain for the primary prevention
of cardiovascular disease. Participants were recruited
between September 2013 and December 2016 and
randomly allocated in a 1:1 ratio to either the inter-
vention or control group, using a centrally controlled,
computer-generated random-number internet-based
system with stratification by center, sex, and age (<65,
65-70, and>70 vyears). Couples sharing the same
household were randomized as pairs, using the cou-
ple as a randomization unit. Participants in the inter-
vention group received intensive training to adhere to
an energy-reduced Mediterranean diet together with
physical activity promotion and behavioral support
aimed to achieve and maintain weight loss. Participants
in the intervention group were followed 3 times/month
(an individual motivational interview, a telephone
call, and a group session). Participants in the control
group received nutritional educational sessions every
6 months (an individual visit and a group session) to
follow a non-caloric reduced Mediterranean diet using
the same PREDIMED study approach [20]. No specific
advice for increasing physical activity or weight loss was
provided to the control group. All participants received
free extra virgin olive oil (1 L/month) to reinforce their
adherence to the Mediterranean diet. The study pro-
tocol has been comprehensively described elsewhere
[21, 22], and can be found at http://www.predimedpl
us.com. The trial was registered at the International
Standard Randomized Controlled Trial registry (http://
www.isrctn.com/ISRCTN89898870).

Study population

Eligible participants were aged between 55 and 75 years
old with overweight or obesity (27 <BMI<40 kg/m?)
meeting at least 3 criteria for metabolic syndrome
[23]. From the original PREDIMED-Plus popula-
tion (n=6,874), the present investigation refers to the
PREDIMED-Plus-Cognition study subset of participants
(n=487) randomized in the following recruitment cent-
ers: Universitat Rovira i Virgili, Universidad de Valencia,
Institut Hospital del Mar d’Investigacions Mediques-
IMIM and Bellvitge University Hospital-IDIBELL. Exclu-
sion criteria are reported elsewhere [21]. For the present
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analysis, we excluded 25 participants with implausi-
ble energy intake values (<800 or>4000 kcal/d for
males; <500 or > 3500 kcal/d for females) [24], resulting
in a total population of 462 participants for the analysis.
The flow-chart of the studied participants is shown in
Supplemental Fig. 1 [see Additional file 1].

All participants provided written informed consent,
and the ethical committees of all participating institu-
tions approved the study protocol and procedures.

Impulsivity

Impulsivity was assessed at baseline, 1-year and 3-years
of follow-up with the Impulsive Behavior Scale (UPPS-
P) [15], validated for Spanish populations [25]. The
UPPS-P is a 59-item self-reported questionnaire using
a 4-point Likert scale (from 1 ="agree” to 4 ="“disagree
strongly”), which measures impulsivity traits by assess-
ing 5 factors of impulsivity-related pathways: negative
urgency, (lack of) perseverance, (lack of) premedita-
tion, sensation seeking, and positive urgency. These
5-related impulsivity factors were obtained by combin-
ing their respective items, and the total UPPS-P score
was obtained by summing all the unweighted UPPS-P
items. Higher UPPS-P scores indicate higher levels of
impulsivity. The a Cronbach values for the total score
were 0.91 at baseline, 0.93 at 1-year of follow-up and
0.94 at 3-year of follow-up.

Although impulsivity trait is relatively stable over time,
in our study it was preferred to assess impulsivity trait
as a time-varying variable rather than solely at baseline
in order to account for possible minimal variability, as
for example impulsivity has been seen to change with
increasing age and other factors [14], as well as to give
more robustness to the analyses assessing impulsivity
trait in more than one time-point.

Covariates

Sex, age, level of education, civil status and smoking sta-
tus were obtained at baseline from self-reported ques-
tionnaires administered by trained staff in face-to-face
interviews. Physical activity, BMI, alcohol intake and
energy intake were obtained at baseline, 1-year and
3-years of follow-up. Physical activity was evaluated
using the short validated version of the Minnesota Lei-
sure-Time Physical Activity Questionnaire [26]. Weight
and height were measured by duplicate by trained staff
using calibrated scales and wall-mounted stadiometers,
respectively. BMI was calculated using the mean values of
total body weight and height. Dietary intake was assessed
via face-to-face interviews using the validated, semi-
quantitative 143-item Food-Frequency Questionnaire


http://www.predimedplus.com
http://www.predimedplus.com
http://www.isrctn.com/ISRCTN89898870
http://www.isrctn.com/ISRCTN89898870
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(FFQ) [27, 28], and total energy and alcohol intake were
obtained from the FFQs [27].

Dietary pattern scores

The FFQ collected information on portion sizes and
nine consumption frequencies (from “never or almost
never” to “>6 times/day”) for each assessed food item
consumed over the previous year. Energy and nutrient
intakes were obtained using data from the Spanish food
composition database and by multiplying the frequency
by the portion size, accounting for the duration of the
period considered [29].

A total of 10 dietary pattern adherence scores were cal-
culated. Eight dietary scores (Healthy Plant-Based diet,
Unhealthy Plant-Based diet, Alternative Healthy Eating
Index, Portfolio diet, Dietary Approaches to Stop Hyper-
tension [DASH], Mediterranean-DASH diet Interven-
tion for Neurodegenerative Delay [MIND], Planetary
Health Diet, and Western diet) were determined based
on data obtained from the 143-FFQ. Another score (the
Energy-Restricted Mediterranean diet) was obtained
from a 17-item Mediterranean diet questionnaire, which
was assessed via face-to-face interviews by trained staff.
The remaining diet score (the Mediterranean diet, with-
out energy restriction specified) was obtained using data
from the 143-FFQ as well as from equivalent items in the
17-point Mediterranean diet questionnaire.

Plant-based diets, characterized by higher plant food
consumption than animal foods, are associated with a
favorable cardiovascular disease risk [30]. In the present
report, both the Healthy and Unhealthy Plant-Based
dietary patterns were determined using the respective
diet scores, with adherence scores ranging from 18 to
90 points [31]. Mediterranean diets have been associ-
ated with multiple health benefits, in particular cardio-
vascular health [32]. Adherence to an energy-restricted
Mediterranean diet was evaluated by the 17-item Medi-
terranean diet questionnaire, with a score ranging from
0 to 17 points [33]. Adherence to the Mediterranean
diet, without energy restriction, was determined based
on the validated 14-item Mediterranean diet question-
naire (also called MEDAS), with the possible score rang-
ing from O to 14 points [34, 35]. The 2010- Alternative
Healthy Eating Index is a dietary pattern which follows
the Dietary Guidelines for Americans and includes die-
tary factors involved in the development of chronic dis-
ease, with a possible score ranging from 0 to 110 points
[36]. The Portfolio diet is a plant-based dietary pattern
that combines recognized cholesterol-lowering foods,
with an adherence score ranging from 6 to 30 points
[37]. The DASH diet is a dietary pattern that was devel-
oped to reduce hypertension, and possible scores could

range from 0 to 40 points [38]. The MIND diet is a diet
tailored to protect against cognitive decline, and adher-
ence scores could range from O to 15 points [39]. The
Planetary Healthy Diet score defined by the EAT-Lan-
cet commission is an ecological dietary pattern based
on sustainable food choices, with possible adherence
scores ranging from 0 to 14 points [40]. A Western diet
presents high consumption of red meat and fast or fried
food and low food intake of fruits, vegetables and fish [41,
42], being this dietary pattern associated with different
health issues [42]. Adherence of these 10 dietary scores
were evaluated in order to broadly assess possible differ-
ences between impulsivity and several dietary patterns,
and for the sake of testing robustness (i.e., to determine if
all healthy dietary scores or patterns tend to be negatively
associated and all unhealthy dietary patterns are posi-
tively related). Supplemental Table 1 provides a descrip-
tion of the method performed to obtain the Western diet
score, with a possible score ranging from 12 to 60 points
[see Additional file 1]. For all aforementioned dietary pat-
terns evaluated, higher scores indicate higher adherence
to their respective dietary pattern.

Statistical analysis
For the current analyses, the PREDIMED-Plus-Cognition
study database updated in September 2021 was used.
Baseline participant characteristics are presented as
numbers and percentages for categorical variables and
mean =+ standard deviation for quantitative variables. Lin-
ear mixed models were performed to assess longitudinal
associations between the impulsivity trait as the exposure
variable and dietary pattern scores as the outcomes, both
measured as continuum time-varying variables. Asso-
ciations between UPPS-P subscales and dietary patterns
were also assessed using linear mixed models. Random
effects were hierarchically established by center and by
members sharing the same household unit (n=418),
respectively. The random intercept was performed for
each participant and the random slope was performed
considering baseline, 1-year and 3-years of follow-up
data. Linear mixed models handle missing data account-
ing for the fact that repeated measures for each partici-
pant are intracorrelated, in the present study this meant
including participants and using data when information
from at least one of the three time-points was available.
Two models were fitted to adjust linear mixed models.
Model 1 was adjusted by sex, age (years) and interven-
tion group. Model 2 was further adjusted by education
level (primary school or less; high school or college),
civil status (single, divorced, separated or widower; mar-
ried) and smoking status (never smoked; former or cur-
rent smoker) at baseline, whereas physical activity (MET
min/week), BMI (kg/m?), alcohol intake (g/d, adding the
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quadratic term) and energy intake (kcal/d) were adjusted
including data at each time-point.

Interaction analyses between impulsivity and sex, age
and intervention group were performed by compar-
ing the model with and without the interaction product
using the likelihood ratio test. A sensitivity analysis was
conducted to test the longitudinal associations between
impulsivity and dietary patterns by intervention group.
We also analyzed longitudinal associations between base-
line UPPS-P score and 3-year adherence to healthy and
unhealthy dietary patterns.

As the range of UPPS-P is large (0—236 points), all beta
coefficients were multiplied by 100 hundred and robust
variance estimators were used in all models to account
for intracluster correlations. The data was analyzed
using the Stata-14 software program (StataCorp). Sta-
tistical significance was set using the Benjamini—Hoch-
berg false discovery rate correction procedure [43] at a
Q-value<0.05.

Results

Descriptive results

Table 1 shows baseline characteristics of the studied
population (n=462). The mean age was 65.3+4.7 years
and 51.5% were female. Approximately, a half of the par-
ticipants had at least the primary school educational
level, three quarters were married, and a half had never
smoked. A total of 28.1% of the participants presented
overweight (BMI <30 kg/m?), with the rest having obe-
sity (BMI > 30 kg/m?). At baseline, the mean % SD, mini-
mum and maximum score for UPPS-P were 108.24+22.7,
71 and 196 points, respectively. In regard to the UPPS-
P scores at the 1- and 3-year follow-up the mean=+SD,
minimum and maximum were 109.24+24.5, 71 and
207, and 106.8+24.1, 68 and 199, respectively. Baseline
energy intake, food group consumption, and the 10 die-
tary pattern scores evaluated as mean 4 SD are shown in
Table 1.

in both model 1 and model 2

Diet scores Impulsivity B (95% CI) P-value
—— !

HPB — -0.92 (-1.67,-0.16)  0.017
1

—l

UPB —— ; 0.61(-0.56,1.77)  0.307
1
|

Med par i -0.43 (-0.79,-0.07)  0.019
1

—e— | . _ .

ERMed MR 0.76 (-1.16,-0.37)  <0.001
1

AHEI '—°—'III: -0.88 (-1.52,-0.23)  0.008
1
: —— |

Portfolio HH | -0.57 (-0.91, -0.22) 0.001
1
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DASH - 0.50 (-0.79,0.22)  0.001
1
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1

Western : . 1.59 (0.59, 2.58) 0.002
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Fig. 1 Longitudinal associations between impulsivity and dietary pattern scores (n=438). Abbreviations: HPB, Healthy Plant-Based diet; UPB,
Unhealthy Plant-Based diet; Med, Mediterranean diet; ERMed, Energy-Restricted Mediterranean diet, AHEI, Alternative Healthy Eating Index;
Portfolio, Portfolio diet; DASH, Dietary Approaches to Stop Hypertension; MIND, Mediterranean-DASH Diet Intervention for Neurodegenerative
Delay; PHD, Planetary Health Diet; Western, Western diet. Impulsivity was assessed using the UPPS-P Impulsive Behaviour Scale. Linear mixed
models were used to assess associations and Beta coefficients were multiplied by 100, with robust variance estimators to account for intracluster
correlations. Only model 2 beta coefficients and p-values were shown at the right of the figure. Circle dots referred model 1: associations were
adjusted by sex, age (years) and intervention group at baseline. Square dots referred model 2: associations were further adjusted by education

level (primary school or less; higher school or college), civil status (single, divorced, separated or widower; married) and smoking status (never
smoked; former or current smoker) at baseline, whereas physical activity (MET min/week), body mass index (kg/m.z), alcohol intake (g/d, adding the
quadratic term), and energy intake (kcal/d) at each time-point. All significant associations remained significant after Benjamini-Hochberg correction
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Table 1 Baseline participant characteristics (n=462)

General characteristics Values
Age (years) 653+4.7
Sex (women) 238 (51.5)
Intervention group 228 (49.3)
Education level
Primary school or less 251 (54.3)
High school or college 211 (45.7)
Civil status
Single, divorced, separated or widower 98 (21.2)
Married 364 (78.8)
Smoking status
Never smoked 231 (50.0)
Former or current smoker 231 (50.0)
Physical activity (MET min/week) 234342004
Body Mass Index (kg/m?) 325434
Psychological assessment (Range)
UPPS-P Impulsive Behavior Scale (0-236 points) 10814226
Energy intake and food groups consumption
Energy intake (kcal/d) 23294475
Fruit (g/d) 3402+£174.0
Vegetables (g/d) 344.24+136.0
Legumes (g/d) 19.0+9.82
Nuts (g/d) 13.5+137
Extra virgin olive oil (g/d) 3274199
Grains (g/d) 1454+69.0
Fish (g/d) 109.8+43.1
Meat (g/d) 156.2+56.3
Dairy products (g/d) 323.74+179.7
Alcohol (g/d) 87+£113
Dietary pattern scores (Range)
Healthy Plant-Based diet (18-90 points) 566+76
Unhealthy Plant-Based diet (18-90 points) 573465
Mediterranean diet (0-14 points) 80+£18
Energy-restricted Mediterranean diet (0-17 points) 79425
Alternative Healthy Eating Index (0-110 points) 65.34+8.6
Portfolio diet (6-30 points) 16.7+£4.0
DASH diet (0-40 points) 238452
MIND diet (0-15 points) 92+12
Planetary Health Diet (0-14 points) 92+15
Western diet (12-60 points) 289456

Abbreviations: DASH Dietary Approaches to Stop Hypertension, MIND
Mediterranean-DASH Diet Intervention for Neurodegenerative Delay

Data are expressed as n (%) for categorical variables and mean £ SD for
quantitative variables

The UPPS-P was measured only in 349 participants

For longitudinal analyses, UPPS-P measurement was
conducted in 438 participants in which dietary assess-
ments were conducted in all the study population.

Impulsivity and dietary pattern scores

Figure 1 shows the longitudinal associations between
impulsivity and adherence to diet scores over the 3 years
of follow-up. Higher impulsivity values were associ-
ated with less adherence to the Healthy Plant-Based
diet (B=-1.46; CI 95% [-2.68, -0.23]), Mediterranean
diet (B=-0.74; CI 95% [-1.11, -0.38]), Energy-Restricted
Mediterranean diet (p=-1.11; CI 95% [-1.73, -0.49]),
Alternative Healthy Eating Index (B=-1.48; CI 95%
[-2.52, -0.44]), Portfolio diet (p=-0.86; CI 95% [-1.28,
-0.44]), and DASH diet (3=-0.84; CI 95% [-1.50, -0.19])
scores over 3 years of follow-up, and contrary, with
higher adherence to the Western diet score (B=1.68;
CI 95% [0.15, 3.21]) over time, in model 1. These asso-
ciations remained significant in the fully adjusted model.
No significant associations were found in the case of the
Unhealthy Plant-Based diets, MIND diet, and Planetary
Health Diet. Supplemental Fig. 2 shows longitudinal
associations between UPPS-P subscales and adherence
to dietary pattern scores over time [see Additional file 1].

There were no significant interactions by sex and age
between impulsivity and dietary pattern scores (data
not shown). Significant interactions by intervention
or control group were found between impulsivity and
adherence to the Mediterranean diet, Energy-Restricted
Mediterranean diet, Portfolio diet, and MIND diet adher-
ence scores over time (Fig. 2).

A sensitivity analysis was performed due to several
significant interactions being displayed by the PRED-
IMED-Plus-Cognition trial intervention or control group
between impulsivity and adherence to the assessed die-
tary patterns over 3 years of follow-up. This sensitivity
analysis indicated a positive association between impul-
sivity and the Western diet score for the control group,
whereas impulsivity was associated with lower adherence
to the Mediterranean diet, Energy-Restricted Mediter-
ranean diet, Alternative Healthy Eating Index, Portfolio
diet, and DASH diet scores over time for the intervention
group (Supplemental Table 2) [see Additional file 1]. We
further analyzed longitudinal associations between base-
line UPPS-P score and adherence to dietary patterns over
3 years of follow-up (data not shown), and the results fol-
lowed similar trends although only the adherence to the
Western diet remained statistically significant (p=2.45;
CI95% [0.94, 3.96]).

Discussion

To the best of our knowledge, the present study is the
first to investigate longitudinal associations between
impulsivity and adherence to various dietary patterns
over 3 years of follow-up, while also accounting for sev-
eral confounders. Our main finding showed that impul-
sivity was negatively associated with several healthy
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Fig. 2 Interactions in longitudinal associations between impulsivity
and dietary pattern scores by intervention group (n=438).
Abbreviations: CG, Control group; IG, Intervention group; Med,
Mediterranean diet, ERMed, Energy-Restricted Mediterranean diet;
Portfolio, Portfolio diet; MIND, Mediterranean-DASH Diet Intervention
for Neurodegenerative Delay. Impulsivity was assessed using the
UPPS-P Impulsive Behaviour Scale. Linear mixed models were used to
assess associations and Beta coefficients were multiplied by 100, with
robust variance estimators to account for intracluster correlations.
Only significant interactions by intervention group were shown.
Associations were adjusted by sex, age (years), intervention group,
education level (primary school or less; higher school or college),
civil status (single, divorced, separated or widower; married) and
smoking status (never smoked; former or current smoker) at baseline,
whereas physical activity (MET min/week), body mass index (kg/mz),
alcohol intake (g/d, adding the quadratic term), and energy intake
(kcal/d) were considered using data at each time-point. Unless in the
control group for Portfolio diet, all significant associations remained
significant after Benjamini-Hochberg correction. CG, n=219; IG,

n=219

diet scores and positively related with adherence to an
unhealthy dietary pattern in a Mediterranean population
with overweight or obesity and metabolic syndrome par-
ticipating in a lifestyle intervention program with a Medi-
terranean diet.

Limited research has been conducted studying rela-
tionships between impulsivity and dietary patterns. The
NutriNet-Santé cohort has assessed cross-sectional
associations between impulsivity and the representa-
tive score of the French Nutrition Guideline in an adult

population, finding an inverse relationship [5]. In line
with this study, our work also found in an older popu-
lation that higher impulsivity levels were related with
less adherence over 3 years of follow-up to most of the
dietary scores assessed that have been associated with
multiple health benefits [44]. Furthermore, impulsivity
trait were positively associated with greater increases in
the adherence to a Western diet style over time, a typi-
cal food pattern linked with an increased risk of chronic
diseases [42]. However, a relationship between impulsiv-
ity trait and adherence to the MIND diet was not found.
A possible explanation could be that the MIND diet is
more permissive with red meat consumption, includes
cheese consumption as a component of the score, and
does not consider the consumption of fruits, aside from
berries, in contrast to other healthy diet scores reflecting
significant negative associations. In addition, impulsivity
and adherence to the Planetary Healthy Index over time
did not show a relationship either. In comparison with
the diet scores displaying significant inverse associations,
the Planetary Healthy Index allows for low-moderate but
sustainable consumption of foods often considered to be
more palatable, such as starchy vegetables, dairy foods,
several kinds of protein sources (e.g., red meat or eggs),
saturated oils, and added sugars, similar to the MIND
diet. This leniency in food quantities and consumption of
often more palatable food groups may explain why a non-
significant relationship was observed between impulsiv-
ity and the MIND diet and the Planetary Healthy Diet,
instead of a significant inverse association.

In our study, relationships between impulsivity and
adherence to unhealthy dietary patterns over 3 years of
follow-up showed discrepancies in their findings depend-
ing on the food group components of the diet scores
assessed. Some evidence was found indicating positive
cross-sectional relationships between impulsivity trait
and the Western pattern style [19], but it is unknown
for other non-healthy dietary patterns as those based
in plant foods. In the present study, impulsivity showed
a non-significant positive association with adherence to
the Unhealthy Plant-Based diet over 3 years of follow-
up, whereas a positive relationship was observed with
the Western diet. This latter association demonstrated
that participants with heightened impulsivity tend to
easily follow a diet including a lower adherence to the
consumption of healthy food groups (such as whole
grains, fruits, vegetables, fish, nuts and legumes) and a
higher adherence to the consumption of unhealthy food
groups (such as refined grains, fast foods, red and pro-
cessed meats, butters, sugar drinks, sweets and desserts)
over time. Nevertheless, when impulsivity were assessed
in relation to adherence to a food pattern represent-
ing a non-healthy plant-based diet, no association was
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shown. The Unhealthy Plant-Based diet considers animal
food sources as a negative component, and this may be
an explanation for the non-significance seen with impul-
sivity levels compared to adherence to the Western style
diet over 3 years of follow-up.

Impulsivity is characterized by a tendency to act rashly
under extreme positive or negative emotions, a lack of
perseverance and premeditation, and the search for expe-
riences and feelings [12, 15]. These attributes may predis-
pose an individual to have greater difficulties in following
a healthy dietary pattern that could be perceived as being
less palatable or presents with restrictions to food groups
which are socially commonly consumed. Furthermore,
impulsivity is closely related to the reward system and
food addiction [16, 18], and palatable foods have been
suggested to affect the reward system in the same way as
other kind of addictions such as alcoholism or drug abuse
[45]. In addition, situational cues could induce more
extreme behaviors in the spectrum of trait impulsivity
[9]. For example, the power of heavy marketing has been
observed to have an effect on prime automatic eating
behaviors based on food advertisements, incrementing
unhealthy food choices and the urge to eat [17, 46].

Consequently, our results demonstrated that higher
impulsivity levels were more likely to be associated with
a greater difficulty in adhering over 3 years of follow-up
to healthy dietary patterns that have been shown to be
useful in the prevention of cardiovascular-related prob-
lems or cancer [30, 32, 36, 37, 39, 44]. At the same time,
people with high impulsivity levels tend to easily adhere
to the unhealthy Western diet over time, a food pattern
largely associated with different chronic diseases and
health related conditions [42]. Therefore, food choices
which may be driven by this psychological trait of impul-
sivity may play a role in increasing or reducing the risk of
nutrition-related non-communicative diseases.

Our results showed few significant associations
between negative urgency, positive urgency, sensation
seeking, and perseverance UPPS-P subscales with adher-
ence to some dietary patterns over 3 years of follow-up.
This fact could be explained due to impulsivity being a
multidimensional construct [15], suggesting that this
psychological trait, as a composite, presents stronger
associations with dietary patterns than specific impulsiv-
ity-related pathways.

Additionally, when impulsivity trait was only assessed
at baseline, similar trends were shown for all dietary pat-
terns as when we take into account impulsivity trait as
time-varying variable, but only a significant positive asso-
ciation was found between impulsivity trait and adher-
ence to the Western diet over time. These differences
could be explained by using impulsivity as time-varying
variable gives more robustness to our analyses. Moreover,

these results could also manifest that little variations in
impulsivity trait may occur over time leading to modifi-
cations in behaviors as it relates to adherence to dietary
patterns.

In individuals not following an intervention program,
we hypothesize that the same results would be found,
as some research has shown cross-sectional positive
associations between impulsivity trait and adherence to
the healthy dietary French score in a total population of
51,043 participants.

Interestingly, interactions by PREDIMED-Plus inter-
vention group were seen between impulsivity and adher-
ence to some of the diet scores assessed over time. In
comparison with participants in the control group, those
in the intervention group showed significant negative
associations between impulsivity and adherence to the
Mediterranean diets and the Portfolio diet over 3 years
of follow-up. Personality traits, including the psycho-
logical trait of impulsivity, might influence decisions as
to whether an immediate over delayed reward is chosen.
This could lead to overconsumption influenced by moti-
vations and subsequently the selection of available highly
palatable and more convenient foods instead of other
more healthful options [8, 16, 47, 48]. As such, partici-
pants with higher impulsivity could present with difficul-
ties delaying unhealthy food choices instead of waiting to
choose a healthier option promoted by the active inter-
vention program, derived by a lack of perseverance and
forethought, and possibly driven by an overactivation of
their reward system [16—18]. The key point is that this
relationship was not observed in the control group. This
may be because these participants were not required to
follow the more restrictive intervention program focused
on weight reduction and promotion of physical activity
with behavioral support. Hence, participants in the con-
trol group did not have these added potential stressors
and psychological conditions with which participants
with higher impulsivity may not be able to manage addi-
tional general nutritional recommendations. Thus, higher
impulsivity in the context of an active intervention pro-
gram might result in less adherence to general healthy
dietary recommendations.

Impulsivity has been observed to be modified in mind-
fulness intervention programs in individuals with drug
abuse disorders [49, 50]. Therefore, mindfulness inter-
ventions could help participants to better follow dietary
recommendations made by dietitians in those partici-
pants with high impulsivity due to improved emotion
regulation and reduction of their impulsivity traits lack of
premeditation and positive urgency.

One of the most important strengths of our study is
the assessment of impulsivity and multiple dietary pat-
terns at different time-point (3 times during a 3-year
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period), enabling a relatively robust longitudinal anal-
ysis. In addition, our study evaluated the associations
between impulsivity and adherence to several dietary
patterns over 3 years of follow-up, including healthy
and unhealthy dietary patterns, but also other dietary
patterns considering nutritional as well as ecological
and environmental considerations. Another strength
is that our analyses were adjusted for several relevant
confounders. Furthermore, the impulsivity construct
indicated a strong internal consistency showed by the
Cronbach’s alpha values in each time point assessed.
And finally, this analysis was performed in a relatively
large study population compared with other studies
assessing relationships between impulsivity and die-
tary assessments. However, different study limitations
deserve to be recognized. The first and more important
limitation is the observational study design, limiting
the ability to establish causal relationships. Moreover,
our study was conducted in an older Mediterranean
population with overweight or obesity and at high risk
of cardiovascular disease, and therefore the results may
not be able to be extrapolated to other populations.
Finally, FFQs present with some limitations of reliabil-
ity, however in our study a validated FFQ was utilized,
reducing the possibility of these reliability issues.

Conclusions

Results showed that higher impulsivity trait values were
associated with lower adherence to healthy dietary pat-
terns over 3 years of follow-up in a population at high
cardiovascular risk following a lifestyle intervention.
Moreover, no associations between impulsivity and
adherence to both the unhealthy plant-based dietary
pattern and the Planetary Healthy Diet were found
over time, possibly due to their less restrictive nature
with regard to animal-based food consumption in its
conception. Furthermore, impulsivity was positively
related with greater adherence to a typical unhealthy
Western style diet over time. Therefore, the impulsivity
trait may be a risk factor of health diseases via partici-
pants’ decision-making related to food consumption.
In addition, our results suggest that impulsivity should
be considered in case of lifestyle intervention programs
aimed at modifying dietary patterns as impulsivity is an
important behavioral trait that potentially influence the
participants’ capacity to adhere to the intervention.

Abbreviations

95%Cl: 95% Confidence interval; AHEI: Alternative Healthy Eating Index; BMI:
Body Mass Index; DASH: Dietary Approaches to Stop Hypertension; ERMed:
Energy-Restricted Mediterranean diet; MIND: Mediterranean-DASH Diet
Intervention for Neurodegenerative Delay; Med: Mediterranean diet; PHD:
Planetary Health Diet; Portfolio: Portfolio diet; UPB: Unhealthy Plant-Based diet;

UPPS-P: Urgency, Premeditation (lack of ), Perseverance (lack of ), Sensation
Seeking, Positive Urgency, Impulsive Behavior Scale; Western: Western diet.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512966-022-01335-8.

Additional file 1: Supplemental Table 1. Western diet score. Sup-
plemental Table 2. Longitudinal associations between impulsivity and
dietary pattern scores by intervention group (n=438).

Additional file 2.
Additional file 3.

Acknowledgements

The authors wish to thank the PREDIMED-Plus participants and all staff mem-
bers for their engagement, as well as to the primary care centers taking part in
the study. We also thank the CIBEROBN, CIBERESP and CIBERDEM initiatives of
Instituto de Salud Carlos Il in Spain, and the CERCA Program of the Generalitat
de Catalunya.

Authors’ contributions

The principal PREDIMED-Plus-Cognition investigators RT, FF-A, DC, MF, JS-S
contributed to study concept and design and to data extraction from the
participants, as well as NB and JJ. CG-M. CG-M, SKN performed the statistical
analyses, and the interpretation of the results. CG-M, NB, JJ, SKN drafted the
manuscript. All authors reviewed the manuscript for important intellectual
content and approved the final version to be published.

Funding

This work was supported by the official Spanish Institutions for fund-

ing scientific biomedical research, CIBER Fisiopatologia de la Obesidad

y Nutricion (CIBEROBN) and Instituto de Salud Carlos Il (ISCIll), through

the Fondo de Investigacion para la Salud (FIS), which is co-funded by

the European Regional Development Fund (six coordinated FIS projects
leaded by JS-S, including the following projects: PI13/00673, PI13/00492,
P113/00272, PI13/01123, PI13/00462, PI13/00233, P113/02184, PI113/00728,
P113/01090, PI13/01056, PI14/01722, PI14/00636, P114/00618, P114/00696,
P114/01206, PI14/01919, PI14/00853, PI14/01374, P114/00972, P114/00728,
P114/01471, PI16/00473, PI16/00662, PI16/01873, P116/01094, P116/00501,
P116/00533, PI16/00381, PI16/00366, PI16/01522, P116/01120, PI17/00764,
PI17/01183, PI17/00855, PI17/01347, PI17/00525, P117/01827, P117/00532,
PI17/00215, PI17/01441, PI17/00508, PI17/01732, P117/00926, P119/00957,
P119/00386, P119/00309, PI19/01032, PI19/00576, P119/00017, P119/01226,
P119/00781, PI19/01560, PI19/01332, PI20/01802, PI20/00138, PI20/01532,
P120/00456, P120/00339, PI20/00557, PI20/00886, P120/01158); the Especial
Action Project entitled: Implementacién y evaluaciéon de una intervencion
intensiva sobre la actividad fisica Cohorte PREDIMED-Plus grant to JS-S;

the Recercaixa (number 2013ACUP00194) grant to JS-S; grants from the
Consejeria de Salud de la Junta de Andalucia (P10458/2013, PS0358/2016,
P10137/2018); the PROMETEQ/2017/017 and PROMETEO 21/2021 grants from
the Generalitat Valenciana, and the grant PID2019-108858RB-100 funded by
AEI 10.13039/501100011033 and by “ERDF A way of making Europe”to DC;
the SEMERGEN grant; None of the funding sources took part in the design,
collection, analysis, interpretation of the data, or writing the report, or in

the decision to submit the manuscript for publication. We thank CERCA
Programme/Generalitat de Catalunya for institutional support and partial
support was also provided by SLT006/17/00246, funded by the Department
of Health of the Generalitat de Catalunya by the calls “Accié instrumental de
programes de recerca orientats en I'ambit de la recerca i la innovacié en salut”
and "Pla estratégic de recerca i innovacio en salut (PERIS)" This research was
also partially funded by EU-H2020 Grants (Eat2beNICE/ H2020-SFS-2016-2, Ref
728018; and PRIME/ H2020-SC1-BHC-2018-2020, Ref: 847879). CG-M receives
a predoctoral grant from the University of Rovira i Virgili (2020PMF-PIPF-37);
JS-S, senior author of this paper, is partially supported by ICREA under the
ICREA Academia program. SKN is supported by a postdoctoral fellowship from
the Canadian Institutes of Health Research (CIHR, MFE-171207). JJ holds the
Miguel Servet-Il contract (CPI119/00015) awarded by the Instituto de Salud
Carlos Il (co-funded by the European Social Fund “Investing in your future”).


https://doi.org/10.1186/s12966-022-01335-8
https://doi.org/10.1186/s12966-022-01335-8

UNIVERSITAT ROVIRA I VIRGILI
PsychologgniMEHiReRER. IREYBehdv NGt PRfSALENT @023N9qpives on Their Interplay

Page 10 of 11
Carlos Goémez Martinez

Availability of data and materials

There are restrictions on the availability of data for the PREDIMED-Plus trial,

due to the signed consent agreements around data sharing, which only allow
access to external researchers for studies following the project purposes.
Requestors wishing to access the PREDIMED-Plus trial data used in this study
can make a request to the PREDIMED-Plus trial Steering Committee chair: pred-
imed_plus_scommitte@googlegroups.com. The request will then be passed to
members of the PREDIMED-Plus Steering Committee for deliberation.

Declarations

Ethics approval and consent to participate

All participants provided written informed consent. According to the ethical
standards of the Declaration of Helsinki by the Research Ethics Committees,
all the participating institutions approved the study protocol and procedures
(PR240/13; PI13/120; 2011-005398-22; 13-07-25/7proj2). All participants
signed an informed consent and this manuscript did not publish personal
data of participants.

Consent for publication
NA

Competing interests

JS-S reported receiving research support from the Instituto de Salud Carlos

ll, Ministerio de Educacién y Ciencia, Departament de Salut Publica de

la Generalitat de Catalunya, the European Commission, the USA National
Institutes of Health; receiving consulting fees or travel expenses from Instituto
Danone, and Mundipharma, receiving nonfinancial support from Hojiblanca,
Patrimonio Comunal Olivarero, the Almond Board of California, Pistachio
Growers and Borges S.A; serving on the board of and receiving grant support
through his institution from the International Nut and Dried Foundation and
the Eroski Foundation; and personal fees from Instituto Danone Spain; Serving
in the Scientific Board of Danone Institute International (non-payed member).
SKN is a volunteer member of the not-for profit group Plant Based Canada.
DC reported receiving grants from Instituto de Salud Carlos Ill. FF-A received
consultancy honoraria from Novo Nordisk and editorial honoraria as EIC from
Wiley. All other authors declare no commercial or financial relationships that
could be construed as a potential conflict of interest. None of the sponsors
had a role in any aspect of the present study, including design and conduct
of the study; collection, management, analysis, and interpretation of the data;
preparation, review, approval of the manuscript, and decision to submit the
manuscript for publication.

Author details

"Universitat Rovira i Virgili, Departament de Bioquimica i Biotecnologia, Unitat
de Nutricié Humana, Reus, Spain. 2Institut d'Investigacié Sanitaria Pere Virgili
(IISPV), Hospital Universitari Sant Joan de Reus, Reus, Spain. >*Centro de Investi-
gacion Biomédica en Red de Fisiopatologia de la Obesidad y Nutricién (CIBER-
OBN), Instituto de Salud Carlos Il (ISCIIl), Madrid, Spain. “Institut d'Investigacié
Sanitaria Pere Virgili (IISPV), Clinical and Epidemiological Neuroscience Group
(Neurokpia), Reus, Spain. *Toronto 3D (Diet, Digestive Tract and Disease)
Knowledge Synthesis and Clinical Trials Unit, Toronto, ON, Canada. °Clinical
Nutrition and Risk Factor Modification Centre, St. Michael’s Hospital, Unity
Health Toronto, Toronto, ON, Canada. ’Department of Psychiatry, School

of Medicine and Health Sciences, University Hospital Bellvitge-IDIBELL

and Department of Clinical Sciences, University of Barcelona, Barcelona, Spain.
8Department of Preventive Medicine and Public Health. IdISNA, University

of Navarra, Pamplona, Spain. °Integrative Pharmacology and Systems Neuro-
sciences Research Group, Neurosciences Research Program, Hospital del Mar
Medical Research Institute (IMIM), Barcelona, Spain. '°Department of Preven-
tive Medicine, University of Valencia, Valencia, Spain. HFaculty of Experimental
and Health Sciences, Universitat Pompeu Fabra (UPF), Barcelona, Spain.
"?ipids and Vascular Risk Unit, Internal Medicine, Hospital Universitario de
Bellvitge-IBIDELL, Hospitalet de Llobregat, Barcelona, Spain. '*Universitat de
Barcelona, Barcelona, Spain. '“Department of Human Genetics, Donders Insti-
tute for Brain, Cognition and Behaviour, Radboud University Medical Center,
Nijmegen, The Netherlands. > Department of Psychiatry, Donders Institute

for Brain, Cognition and Behaviour, Radboud University Medical Center,
Nijmegen, The Netherlands.

Received: 27 January 2022 Accepted: 10 July 2022
Published: 8 August 2022

References

1. World Health Organization. A report about overweight and obesity.
Geneva: World Health Organization; 2021. https://www.who.int/news-
room/fact-sheets/detail/obesity-and-overweight. Accessed 18 Jan 2021.

2. Gacek M, Kosiba G, Wojtowicz A. Personality determinants of diet quality
among polish and spanish physical education students. Int J Environ Res
Public Health. 2021;18:466.

3. vanden Bree MBM, Przybeck TR, Robert CC. Diet and personality: associa-
tions in a population-based sample. Appetite. 2006;46:177-88.

4. Mottus R, McNeill G, Jia X, Craig LCA, Starr JM, Deary IJ. The associations
between personality, diet and body mass index in older people. Health
Psychol. 2013;32:353-60.

5. Bénard M, Bellisle F, Kesse-Guyot E, Julia C, Andreeva VA, Etilé F, Reach
G, Dechelotte P, Tavolacci M-P, Hercberg S, et al. Impulsivity is associ-
ated with food intake, snacking, and eating disorders in a general
population. Am J Clin Nutr. 2019;109:117-26.

6. Leitch MA, Morgan MJ, Yeomans MR. Different subtypes of impulsiv-
ity differentiate uncontrolled eating and dietary restraint. Appetite.
2013,69:54-63.

7. Guerrieri R, Nederkoorn C, Schrooten M, Martijn C, Jansen A. Induc-
ing impulsivity leads high and low restrained eaters into overeating,
whereas current dieters stick to their diet. Appetite. 2009;53:93-100.

8. Mallorqui-Bagué N, Lozano-Madrid M, Vintré-Alcaraz C, Forcano L, Diaz-
Lopez A, Galera A, Ferndndez-Carrion R, Granero R, Jiménez-Murcia
S, Corella D, et al. Effects of a psychosocial intervention at one-year
follow-up in a PREDIMED-plus sample with obesity and metabolic
syndrome. Sci Rep. 2021;11:9144.

9. Svrakic DM, Przybeck TR, Cloninger CR. Mood states and personality
traits. J Affect Disord. 1992:24:217-26.

10. Harper RG. Personality-guided therapy in behavioral medicine. 1 ed.
Washington DC: American Psychological Association; 2004.

11. Sarwer DB, Allison KC, Wadden TA, Ashare R, Spitzer JC, McCuen-Wurst
C, LaGrotte C, Williams NN, Edwards M, Tewksbury C, et al. Psychopa-
thology, disordered eating, and impulsivity as predictors of outcomes
of bariatric surgery. Surg Obes Relat Dis. 2019;5:650-5.

12. Moeller FG, Barratt ES, Dougherty DM, Schmitz JM, Swann AC. Psychiat-
ric aspects of impulsivity. Am J Psychiatry. 2001;158:1783-93.

13. Hollander E, Rosen J. Impulsivity. J Psychopharmacol. 2000;14:539-44.
14 Liu M, Argyriou E, Cyders MA. Developmental considerations for assess-
ment and treatment of impulsivity in older adults. Curr Top Behav

Neurosci. 2020;47:165-77.

15. Lynam DR, Smith GT, Whiteside SP, Cyders MA. The UPPS-P: Assessing
five personality pathways to impulsive behavior (Technical Report).
West Lafayette: Purdue University; 2006.

16. Maxwell AL, Gardiner E, Loxton NJ. Investigating the relationship
between reward sensitivity, impulsivity, and food addiction: a system-
atic review. Eur Eat Disord Rev. 2020;28:368-84.

17. Kidd C, Loxton NJ. Junk food advertising moderates the indirect effect
of reward sensitivity and food consumption via the urge to eat. Physiol
Behav. 2018;188:276-82.

18. Loxton NJ. The role of reward sensitivity and impulsivity in overeating
and food addiction. Curr Addict Reports. 2018;5(2):212-22.

19. Lumley J, Stevenson RJ, Oaten MJ, Mahmut M, Yeomans MR. Individual
differences in impulsivity and their relationship to a Western-style diet.
Pers Individ Dif. 2016;97:178-85.

20. Estruch R, Ros E, Salas-Salvado J, Covas M-I, Corella D, Arés F, Gomez-
Gracia E, Ruiz-Gutiérrez V, Fiol M, Lapetra J, et al. Primary prevention of
cardiovascular disease with a mediterranean diet supplemented with
extra-virgin olive oil or nuts. N Engl J Med. 2018;378:e34.

21. Martinez-Gonzalez MA, Buil-Cosiales P, Corella D, Bullé M, Fité M,
Vioque J, Romaguera D, Martinez JA, Warnberg J, Lépez-Miranda J,
et al. Cohort profile: design and methods of the PREDIMED-plus rand-
omized trial. Int J Epidemiol. 2019;48:387-3880.

22. Salas-Salvado J, Diaz-Lépez A, Ruiz-Canela M, Basora J, Fité M, Corella
D, Serra-Majem L, Wérnberg J, Romaguera D, Estruch R, et al. Effect of a
Lifestyle Intervention Program With Energy-Restricted Mediterranean


https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight

UNIVERSITAT ROVIRA I VIRGILI

PsychologgniaMEHiReRER. IREYBehdv NGt PRfSALENT @023N9qpives on Their Interplay

Carlos Goémez Martinez

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Diet and Exercise on Weight Loss and Cardiovascular Risk Fac-

tors: One-Year Results of the PREDIMED-Plus Trial. Diabetes Care.
2018;42:dc180836.

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
Fruchart J-C, James WPT, Loria CM, Smith SC. Harmonizing the Meta-
bolic Syndrome. Circulation. 2009;120:1640-5.

Willett W. Nutritional Epidemiology. 3rd. ed. New York: Oxford Univer-
sity Press; 2012.

Verdejo-Garcia A, Lozano O, Moya M, Alcazar MA, Pérez-Garcia M.
Psychometric properties of a Spanish version of the UPPS-P impulsive
behavior scale: reliability, validity and association with trait and cogni-
tive impulsivity. J Pers Assess. 2010;92:70-7.

Molina L, Sarmiento M, Pefafiel J, Donaire D, Garcia-Aymerich J, Gomez
M, Ble M, Ruiz S, Frances A, Schroder H, et al. Validation of the regicor
short physical activity questionnaire for the adult population. PLoS
One.2017;12:e0168148.

Martin-Moreno JM, Boyle P, Gorgojo L, Maisonneuve P, Fernandez-
Rodriguez JC, Salvini S, Willett WC. Development and validation of a food
frequency questionnaire in Spain. Int J Epidemiol. 1993;22:512-9.
Ferndndez-Ballart JD, Pifol JL, Zazpe |, Corella D, Carrasco P, Toledo E,
Perez-Bauer M, Martinez-Gonzélez MA, Salas-Salvadé J, Martin-Moreno
JM. Relative validity of a semi-quantitative food-frequency question-
naire in an elderly Mediterranean population of Spain. Br J Nutr.
2010;103:1808-16.

Moreiras O, Carbajal A, Cabrera L, Cuadrado C. Tablas de composicién de
alimentos: Guia de practicas. 19 ed. Madrid: Piramide; 2018.

Gan ZH, Cheong HC, Tu Y-K, Kuo P-H. Association between plant-based
dietary patterns and risk of cardiovascular disease: a systematic review
and meta-analysis of prospective cohort studies. Nutrients. 2021;13:3952.
Satija A, Bhupathiraju SN, Rimm EB, Spiegelman D, Chiuve SE, Borgi L,
Willett WC, Manson JE, Sun Q, Hu FB. Plant-based dietary patterns and
incidence of Type 2 diabetes in US men and women: results from three
prospective cohort studies. PLOS Med. 2016;13:21002039.
Becerra-Tomas N, Blanco Mejia S, Viguiliouk E, Khan T, Kendall CWC,
Kahleova H, Raheli¢ D, Sievenpiper JL, Salas-Salvadé J. Mediterranean
diet, cardiovascular disease and mortality in diabetes: a systematic review
and meta-analysis of prospective cohort studies and randomized clinical
trials. Crit Rev Food Sci Nutr. 2020;60:1207-27.

Schréder H, Zomefo MD, Martinez-Gonzélez MA, Salas-Salvadé J, Corella
D, Vioque J, Romaguera D, Martinez JA, Tinahones FJ, Miranda JL, et al.
Validity of the energy-restricted mediterranean diet adherence screener.
Clin Nutr. 2021;40:4971-9.

Garcfa-Conesa M-T, Philippou E, Pafilas C, Massaro M, Quarta S, Andrade V,

Jorge R, Chervenkov M, lvanova T, Dimitrova D, et al. Exploring the validity

of the 14-Iltem Mediterranean Diet Adherence Screener (MEDAS): a cross-
national study in seven European countries around the mediterranean
region. Nutrients. 2020;12:2960.

Schroder H, Fitd M, Estruch R, Martinez-Gonzalez MA, Corella D, Salas-
Salvadé J, Lamuela-Raventds R, Ros E, Salaverria I, Fiol M, et al. A short
screener is valid for assessing mediterranean diet adherence among
older Spanish men and women. J Nutr. 2011;141:1140-5.

Chiuve SE, Fung TT, Rimm EB, Hu FB, McCullough ML, Wang M, Stampfer
MJ, Willett WC. Alternative dietary indices both strongly predict risk of
chronic disease. J Nutr. 2012;142:1009-18.

Chiavaroli L, Nishi SK, Khan TA, Braunstein CR, Glenn AJ, Mejia SB, Raheli¢
D, Kahleové H, Salas-Salvadé J, Jenkins DJA, et al. Portfolio dietary pattern
and cardiovascular disease: a systematic review and meta-analysis of
controlled trials. Prog Cardiovasc Dis. 2018;61:43-53.

Fung TT. Adherence to a DASH-style diet and risk of coronary heart
disease and stroke in women. Arch Intern Med. 2008;168:713.

Morris MC, Tangney CC, Wang Y, Sacks FM, Barnes LL, Bennett DA,
Aggarwal NT. MIND diet slows cognitive decline with aging. Alzheimer’s
Dement. 2015;11:1015-22.

EAT-Lancet Commission. Healthy Diets. In: EAT-Lancet Commission Sum-
mary Report about Food Planet Health: Healthy Diets From Sustainable
Food Systems. EAT-Lancet Commission; 2019. https://eatforum.org/eat-
lancet-commission/eat-lancet-commission-summary-report. Accessed 8
Oct 2021.

Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA,
O'Keefe JH, Brand-Miller J. Origins and evolution of the Western diet:
health implications for the 21st century. Am J Clin Nutr. 2005;81:341-54.

Page 11 of 11

42. Uribarri J, Woodruff S, Goodman S, Cai W, Chen X, Pyzik R, Yong A, Striker
GE, Vlassara H. Advanced glycation end products in foods and a practical
guide to their reduction in the diet. J Am Diet Assoc. 2010;110:911-6.

43. BenjaminiY, Hochberg Y. Controlling the false discovery rate: a practi-
cal and powerful approach to multiple testing. J R Stat Soc Ser B.
1995;57:289-300.

44. Cena H, Calder PC. Defining a healthy diet: evidence for the role of con-
temporary dietary patterns in health and disease. Nutrients. 2020;12:334.

45. Fletcher PC, Kenny PJ. Food addiction: a valid concept? Neuropsychop-
harmacol. 2018;43:2506-13.

46. Harris JL, Bargh JA, Brownell KD. Priming effects of television food adver-
tising on eating behavior. Health Psychol. 2009;28:404-13.

47. Keller C, Siegrist M. Successful and unsuccessful restrained eating. does
dispositional self-control matter? Appetite. 2014;74:101-6.

48. Sarmugam R, Worsley A. Dietary behaviours, impulsivity and food
involvement: identification of three consumer segments. Nutrients.
2015;7:8036-57.

49. Gallo GG, Curado DF, Opaleye ES, Donate APG, Scattone VVV, Noto AR.
Impulsivity and mindfulness among inpatients with alcohol use disorder.
Subst Use Misuse. 2021;56:25-32.

50. Tang Y-Y, Tang R, Posner MI. Mindfulness meditation improves emo-
tion regulation and reduces drug abuse. Drug Alcohol Depend.
2016;163:513-8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report
https://eatforum.org/eat-lancet-commission/eat-lancet-commission-summary-report

UNIVERSITAT ROVIRA I VIRGILI

Unveiling Emerging Perspectives on Their Interplay

Psychology and Disease:

Carlos Goémez Martinez

"s918931e.435 UOIIUDARId dseaSIp
Je|NJSeAOIpJed J0j J03I.) ) SL

|ea18ojoyodAsd jueysodwi ue se
paisadans siI Ayaisindwi Jes|

\ 12%56 ¥H 1/
ST T 50
6£0°0=d L " L
(65T ‘TOT) LTT —o——i ySiH
_
£55°0=d e  WNIpSW
(TZ'T '06'0) SO'T _|L|_ MO
_
(10%56) YH Annisindu)
ASV3SIA YVINIDSVYAOIQUYD

/ 10 XSIH ANV ALIAISTNIAI \

PN

JLNVS

N
1INIHLAN
' 3an.3
(..

‘9seas|p Jejnosenolpled Suidojanap
J0O)js1d @Y1 pue saliogaied Ajaisindwii
1IBJ} U93M13Q SUOIIBIIOSSE BY) SSISSE

01 Pa31ONPUOd 49M ‘(]D%S6 YH) soled
pJezey Suisn ‘sasAjeue uoissalgal xo0)

SAOH13IN

"9seasIp JejnasenoipJed
duidojaAap 4o 3S1 paseasdul
%L € YlIm pajerdosse
sem AuAaisindwi yiedy Jay3iH

(F8TT=u) sased juapidu|
‘€707 Auenugad |1UNn JUBWISSISSe
Annisindwi ay3 J91je passassy

*ISVY3SIA YVYINISYAOIQYYD
:9Wo2nQ

T . | bbbbibe

seeesee c7oz Auenuga4  siedA g :dn-moj|o) uelipay vIOZ ABl\| ® o000

gl

$T0Z 12qWaAop pue Aelp|
U39M13( Passassy

(TT-S19) ALIAISTNdIAIL LIVYL
:ainsodx3

(s€187=u) uone|ndod youaid 3 npe |e4aU39H
HoYyod JINVS-L1INIMLNN

. ¢ 9SeasIp Jejnasenoipied suidojanap Jo ysu

943 yum pajerdosse Ajiaisindwii ey sj

"dn-Moj||0J JO SIeak g J9A0 3SeasIp JeJNISeAOIPJIed JO aduapIdul pue ANAIS|Indwi 1] "z J81deyd Jo 19eqsge [eatydels -7 aanbi4

4SV3SI1d 4V 1NOSVAOIAEVYO 40 dONAdIONI ANV ALIAISTINAINT LIVHL

:¢ d341dVHO




UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Gémez Martinez

Trait impulsivity is associated with an increased risk of
cardiovascular disease incidence over 8 years of follow-up:

Results from the NutriNet-Santé cohort

Carlos Gomez-Martinez>?2, Pauline Paolassini-Guesnier*, Léopold Fezeu*, Bernard Srour?,
Serge Hercberg®*, Mathilde Touvier*, Nancy Babio*3, Jordi Salas-Salvado>?2, Sandrine

Péneau*

! Universitat Rovira i Virgili, Departament de Bioquimica i Biotecnologia. Grup
d’Alimentacid, Nutricio, Desenvolupament i Salut Mental (ANUT-DSM). Unitat de

Nutrici6 Humana, Reus, Spain.
2 Institut d’Investigacié Sanitaria Pere Virgili (IISPV), Reus, Spain.

3 Centro de Investigacion Biomédica en Red de Fisiopatologia de la Obesidad y Nutricion
(CIBEROBN), Instituto de Salud Carlos 111 (ISCIII), Madrid, Spain.

4 Université Sorbonne Paris Nord and Université Paris Cité, INSERM, INRAE, CNAM,
Center of Research in Epidemiology and StatisticS (CRESS), Nutritional Epidemiology
Research Team (EREN), F-93017 Bobigny, France.

Corresponding Author:
Dr. Sandrine Péneau; s.peneau@eren.smbh.univ-paris13.fr; EREN - UFR SMBH 74, rue
Marcel Cachin, 93017 Bobigny Cedex France.



mailto:s.peneau@eren.smbh.univ-paris13.frD

UNIVERSITAT ROVIRA I VIRGILI
Psychology and Disease: Unveiling Emerging Perspectives on Their Interplay
Carlos Gémez Martinez

ABSTRACT

Introduction: Cardiovascular disease (CVD), though preventable, remains the leading cause
of mortality among noncommunicable diseases. Psychological factors, such as trait
impulsivity, have emerged as potential determinants in the onset of medical conditions.
However, research investigating the potential relationships with CVD remains limited.
Therefore, our objective was to assess the prospective associations between trait impulsivity
and the incidence of CVD.

Methods: A prospective observational study was conducted between May 2014 and
February 2023 within the NutriNet-Santé cohort. Trait impulsivity (low, medium [reference],
high) was assessed using the Barratt Impulsiveness Scale 11. Incident CVD events, including
coronary heart and cerebrovascular diseases, were identified through follow-up assessments
and confirmed by NutriNet-Santé experts using medical records and ICD-10 codes. Cox
regression models, using hazard ratios and 95% confidence intervals (HR [95%CI]), were
conducted to examine associations between impulsivity and CVD risk. Potential interactions

were assessed.

Results: Of the 48,135 participants studied (women=78.1%; baseline age=50.5+£14.5y),
1,184 developed CVD over nearly 8 years of follow-up (median:7.84; 1QR:4.04-8.50).
Individuals with high impulsivity had higher CVD risk (HR=1.27 [1.01, 1.59], P=0.039). In
participants with type 2 diabetes (T2D) specifically, low impulsivity was associated with
lower CVD risk (HR=0.42 [0.20, 0.88], P=0.022), while no association was observed in
individuals without T2D.

Conclusion: Participants with high impulsivity showed an increased CVD risk overall.
Additionally, among those with T2D, low impulsivity was associated with a reduced risk. If
these findings are replicated across diverse populations and settings, trait impulsivity could

emerge as a significant psychological risk factor in CVD prevention.

KEYWORDS: cardiovascular disease, cerebrovascular disease, coronary heart disease,

impulsivity, personality, prospective cohort study, psychological traits.
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INTRODUCTION

Cardiovascular disease (CVD) is a group of disorders of the heart and blood vessels which
claimed 17.9 million lives in 2019 worldwide, accounting for 32% of all deaths (1). Several
risk factors are known to increase the incidence of CVD, including genetics, poor dietary
habits, and diabetes (2).

Personality traits define the patterns of thoughts, feelings, and behaviors and have been
proposed as important factors in the development of chronic diseases, including CVD (3).
Personality traits are often developed throughout life and are considered to remain consistent
across many situations and circumstances (4). Impulsivity as a personality trait is defined by
a tendency to act quickly, without thorough consideration, often driven by emotional
impulses, and with limited attentional focus (5), and has been associated with deficient
inhibitory processes and high reward system reactivity (6). This personality trait has been
shown to be more modifiable than other personality traits (7,8), and predisposes individuals

to act within a spectrum of behaviors that can lead to impulsive actions (9).

Trait impulsivity has been associated with several noncommunicable diseases including type
2 diabetes or obesity (10-12). However, evidence on its relationship with CVD incidence is
still lacking. Only one cross-sectional study has investigated associations between facets of
impulsivity and a composite measure of cardiometabolic risk (13). This study found that both
trait and behavioral impulsivity were associated with higher cardiometabolic risk through
diverse lifestyle behavioral pathways (13). In addition, trait impulsivity has been associated
with increased CVD risk factors such as higher cigarette smoking, greater food addiction,
and lower adherence to healthy dietary patterns (14-16). These findings suggest that high
trait impulsivity may potentially increase the risk of developing CVD.

Therefore, the aim of the present study was to assess the associations between trait
impulsivity and the risk of developing CVD over 8 years of follow-up within the NutriNet-
Santé cohort. Additionally, we sought to determine whether these associations varied across

different population subgroups.
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METHODS
Study design and population

A prospective study design was performed within the NutriNet-Santé cohort, a web-based
observational study that aims to assess the associations between diet and its determinants and
health status. Recruitment for the NutriNet-Santé study started in May 2009 and is currently
ongoing with open enrolment. VVolunteers are being recruited through multimedia campaigns
targeting the general French population. Inclusion criteria are individuals aged 18 years or
older, fluent in French and with access to the Internet. Participants are followed using a

personal account on the study website (https://etude-nutrinet-sante.fr/), where they provided

detailed information by completing several questionnaires.

At enrolment, participants are asked to complete several self-administered web-based
questionnaires assessing their socioeconomic conditions, health status, and lifestyle
characteristics such as diet, physical activity and anthropometric measures. Thereafter,
participants complete this set of questionnaires annually, and an additional set of optional
questionnaires is sent to participants monthly. Further details of the study protocol can be

found on the following website: https://info.etude-nutrinet-sante.fr/siteinfo/, where

comprehensive information on the rationale, design and methodology of the study is available
(17). The study protocol was registered at https://www.clinicaltrials.gov/ (NCT03335644).

All participants are required to provide electronic informed consent prior to their involvement
in the study. The study procedures have received approval from the Institutional Review
Board of the French Institute for Health and Medical Research (IRB INSERM no:
0000388FWA00005831) as well as from the Commission Nationale de I’Informatique et des
Libertés (CNIL no: 908450 and 909216). The study accomplishes the Declaration of Helsinki

standards.
Impulsivity

Trait impulsivity was assessed using the 11th version of the Barrat Impulsiveness Scale (BIS-
11) (18), adapted from the validated French version of the BIS-10 (19). The BIS-11 is the
most widely used questionnaire for assessing trait impulsivity in both clinical practice and

research (5). The administration of this questionnaire was performed between May and
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November 2014. The BIS-11 is a 30-item self-reported questionnaire scored on a 4-point
Likert scale ranging from “rarely/never” (1 point) to “almost always/always” (4 points). The
BIS-11 total score ranges from 30 to 120 points and is obtained by summing its items, with
higher scores indicating greater trait impulsivity. The a Cronbach coefficient for the total
score was 0.77, indicating an acceptable internal consistency. In addition, impulsivity
categories derived from the BIS-11 were obtained. The cut-off points for defining low (<52),
medium (>52 and <71), and high (>71) trait impulsivity categories were based on the

recommendations of the BIS-11 scale (5).
Ascertainment of cardiovascular disease events

Participants were asked to report any major health events, such as CVD, through the annual
health status questionnaire, a special health check-up questionnaire sent every six months, or
at any time on the NutriNet-Santé intranet. Participants are also asked to send their medical
records, such as diagnoses, examinations, or hospitalizations. The medical records and
diagnoses were validated by the study physician experts and, if necessary, additional medical
information was obtained from the participants’ physicians or medical institutions. When
participant updates were missing for more than a year in the NutriNet-Santé intranet, the
physician expert committee contacted the participants’ families or physicians to be aware
about their health status. Additionally, CVD events were integrated with the Systeme
National d’Information Inter-Régimes de I’Assurance Maladie (SNIIRAM) database,
administered by the Caisse Nationale de 1’Assurance Maladie of the French national
insurance system (CNAM), as well as to the French national mortality registry (CépiDC) to
identify mortality due to a CVD event. This linkage limitates the potential bias from those

who had not reported a CVD event.

The CVD events were classified using the International Classification of Diseases 10th
Revision (ICD-10) (20) in order to obtain overall cardiovascular disease, coronary heart
disease, and cerebrovascular disease. Coronary heart disease includes: myocardial infarction
(121), acute coronary syndrome (120.0 and 121.4), angina pectoris (120.1, 120.8, 120.9), and
angioplasty (Z95.8). Cerebrovascular disease includes: stroke (164) and transient ischemic
attack (G45.8 and G45.9). Overall cardiovascular disease includes both coronary heart and

cerebrovascular diseases events.
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Covariates

Confounders potentially modifying the association between trait impulsivity and CVD were
collected. Selected confounders were: sociodemographics including sex, age (years), and
educational level (less than high school degree, <2 years after high school degree, >2 years
after high school degree); lifestyle including smoking intensity (pack/day), physical activity
(low, medium, high) using the International Physical Activity Questionnaire (IPAQ) (21),
energy intake without alcohol (kcal/day), alcohol intake (g/day) and diet quality (simplified
Programme National Nutrition Santé - Guidelines Score 2 (SPNNS-GS2) (22) using 24h-
dietary records; anthropometrics including BMI (kg/m2); personal history of disease
including hypertension prevalence or medication (no, yes), hypercholesterolemia prevalence
or medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), T2D
prevalence or medication (no, yes), and depressive symptomatology (no, yes) using the self-
reported Center for Epidemiologic Studies Depression Scale questionnaire (CES-D) (23);
and family history of disease including family history of CVD (no, yes).

Statistical analysis

For the present study, only participants from the NutriNet-Santé cohort who completed the
impulsivity questionnaire and did not have a prevalent CVD event at the moment of the
impulsivity assessment were included. Covariates with missing values were handled with
Multiple Imputation by Chained Equations (MICE) and fully conditional specification
(Supplementary Method 1).

Baseline population characteristics were compared using t-test or chi-square, as appropriate,
between included and excluded participants (Supplementary Table 1). The participant’s
baseline characteristics are presented as numbers and percentages for qualitative variables,
and as mean + standard deviation (SD) for quantitative variables. Comparisons between
categories of trait impulsivity (low, medium, high) were based on chi-square for categorical
variables and ANOVA for quantitative variables.

Cox regression models, using hazard ratio and 95% confidence interval (HR 95%CI), were
conducted to study the associations between trait impulsivity and the risk of CVD (overall,

coronary heart, and cerebrovascular) incidence over 8 years of follow-up. Incidence rates per
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1,000 person-year were also estimated. Trait impulsivity was assessed categorically (low,
medium as the reference, and high). P for trend was obtained by using the median impulsivity
in each category. Participants contributed person-time from the impulsivity assessment until
the date of the CVD event, date of last follow-up, date of death, or 8th February 2023,
whichever occurred first. The main model was adjusted at baseline by age (as time-scale),
sex, educational level, smoking intensity, physical activity (with a logarithmic time
interaction for overall cardiovascular and cerebrovascular diseases), energy intake (with a
logarithmic time interaction for overall CVD), alcohol intake, diet quality (with a logarithmic
time interaction for overall CVD), BMI, hypertension prevalence or medication,
hypercholesterolemia prevalence or medication, hypertriglyceridemia prevalence or
medication, and T2D prevalence or medication. The rationale for the selection of covariates

is described in Supplemental Table 2.

Linearity assumptions were assessed using Restricted Cubic Spline functions between trait
impulsivity and overall, coronary heart, and cerebrovascular diseases (Supplementary Figure
1; Supplementary Figure 2; Supplementary Figure 3). Cumulative hazard risks between
impulsivity categories and the incidence of CVD were estimated (Supplementary Figure 4).
Pearson correlation coefficients were examined to confirm the absence of collinearity among
continuous covariates (Supplementary Table 3). Schoenfeld residuals were evaluated to
validate proportional hazard risk assumptions (Supplementary Table 4). The covariates
violating the non-proportional hazard assumptions were corrected by adding a logarithmic
time interaction term (physical activity, energy intake excluding alcohol, and diet quality for
overall CVD; and physical activity for cerebrovascular disease). In addition, Schoenfeld
residuals were reevaluated correcting covariates showing non-proportional hazard risk

(Supplementary Table 4).

Sensitivity analyses were conducted to evaluate the robustness of the results. The association
between impulsivity and the risk of developing overall CVD was analyzed using stratified
estimates for non-proportional hazard covariates (Supplementary Table 5) and without a
correction for non-proportional hazard risk covariates (Supplementary Table 6). A total of
seven additional models were assessed to investigate potential confounding effects

(Supplementary Table 7). Associations between trait impulsivity and hard CVD events were
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also evaluated. Hard coronary heart disease included myocardial infarction, acute coronary
syndrome, and angioplasty, and excluded angina pectoris. Hard cerebrovascular disease
included stroke and excluded transient ischemic attack (Supplementary Table 8). An
additional analysis was also performed to assess the impact of excluding incident cases of
CVD within the initial 2 years of follow-up (to challenge the potential reverse causality bias)
(Supplementary Table 9). Finally, interactions by sex, age (<60y, >60y), overweight (BMI:
<25, >25 kg/m2), diet quality (sPNNS-GS2: median to determine low and high diet quality),
and prevalence of T2D (no, yes) were conducted using the likelihood ratio test. The only
statically significant interaction observed was with T2D. Consequently, analyses were
stratified by T2D status for overall CVD (Figure 3), but associations with coronary heart
disease and cerebrovascular disease are only detailed in Supplementary Table 10 and
Supplementary Table 11, respectively, due to low incident cases that may limit
interpretability. Analyses were conducted using STATA 14 and statistical significance was

considered as P-value<0.05.

RESULTS
Description of the study population

Of the 157,591 participants enrolled in the NutriNet-Santé study at the time of the impulsivity
assessment, a total of 109,456 were excluded due to lack of a valid impulsivity assessment
(n=106,707) or CVD assessment (n=784), or due to prevalent CVD (n=1,965) (Figure 1).
Among the 48,135 included participants, a total of 1,184 developed CVD, of which 632 were
classified as coronary heart disease and 554 as cerebrovascular disease (two participants had
on the same day a coronary heart and cerebrovascular disease). The median follow-up was
nearly 8 years (median: 7.84; interquartile range: 4.04-8.50) (person-years: 292,769). The
incidence rate (95%CI) per 1,000 person-years were 4.04 (3.82, 4.28) for overall CVD, 2.14
(1.98, 2.32) for coronary heart disease, and 1.88 (1.73, 2.04) for cerebrovascular disease.
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Figure 1. Flowchart of the studied population.

Participants of the
NutriNet-Santé cohort
at the time of
impulsivity assessment

(n=157.591)
Participants without impulsivity
assessment (n=106.693)
Participants with acquiescence
bias on impulsivity data (n=14)
A J

Participants with valid
impulsivity assessment

(n=50.884)
Participants with prevalent
cardiovascular disease (n= 1,965)
Participants without follow-up
data for cardiovascular disease
v (n=784)

Final population
(n=48.135)

Baseline characteristics of the population are shown in Table 1. The mean age of the
population was 50.5 years (SD: 14.5), with females comprising approximately three-quarters
of the population. Individuals with higher impulsivity levels were more likely to be younger
and females, to have lower educational level, reduced physical activity and poorer diet
quality. They also exhibited higher smoking intensity, increased alcohol consumption, higher
BMI and a greater prevalence or medication use for hypertension, hypertriglyceridemia and

T2D, and a greater prevalence of depressive symptomatology.
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Table 1. Baseline characteristics of the study population, NutriNet-Santé cohort, France, 2014-2023

(n=48,135).

Characteristics All participants Trait impulsivity vallou-e*
Low Medium High
(n=8,582) (n=36,577) (n=2,976)
Age (years) 50.47 £ 14.49"  50.93 + 14.02 50.43 £ 1453 49.68 +15.27 <0.001
Sex (female) 37,580 (78.07)} 6,233 (72.63) 28,881 (78.96) 2,466 (82.86) <0.001
Educational level
(n=47,985) <0.001
degIFee:S than high school 4 56 5 20) 119 (1.39) 803 (2.20) 134 (4.51)
<2 years after high 14,054 (29.29) 2,152 (25.14) 10,713 (29.39) 1,189 (40.03)
school degree
=2 years afterhigh o) 075 6851y 6,280 (73.47) 24,939 (68.41) 1,647 (55.45)
school degree
Smoking intensity
(pack/day) (n=45.871) 0.30£0.49 0.25 +0.45 0.30£0.49 0.42+0.56  <0.001
Physical activity (IPAQ)
(n=48,037) <0.001
Low 11,084 (23.07) 1,865 (21.77)  8,453(23.15) 766 (25.88)
Moderate 20,143 (41.93) 3,541 (41.34) 15,420 (42.23) 1,182 (39.93)
High 16,810 (34.99) 3,160 (36.89) 12,638 (34.61) 1,012 (34.19)
Energy intake excluding
1,787.03 + 1,785.70 = 1,786.44 1,789.41
alcohol (kcal/day) ' ’ ’ ' 0.44
(n=44,819) 473.75 472.55 471.77 501.82
Alcohol intake (g/day) 7.85+12.00  7.05+11.12  7.98+12.07  8.63+13.45 <0.001
(n=44,819)
Diet quality (SPNNS-
GS2; range: —17 to 13.5) 1.27 + 3.56 141 +£355 1.26 £3.51 0.95+3.78 <0.001
(n= 44,044)
BMI (kg/m?) (n=47,962) 23.96 £ 4.50 23.71 £4.26 23.98 £4.49 2455+£516 <0.001
Hypertension prevalence ¢ 115 (1330) 1117 (13.02) 4840 (13.23)  455(15.29)  0.004
and/or medication
Hypercholesterolemia
prevalence and/or 8,601 (17.87) 1,498 (17.46) 6,549 (17.90) 554 (18.62) 0.34
medication
Hypertriglyceridemia
prevalence and/or 1,827 (3.80) 310 (3.61) 1,366 (3.73) 151 (5.07) 0.001
medication
T2D prevalence and/or
medication 1,301 (2.70) 206 (2.40) 982 (2.68) 113 (3.80) <0.001
Family history of
cardiovascular disease 17,529 (36.63) 3,090 (36.19) 13,355 (36.72) 1,084 (36.90)  0.63
(CVD) (n=47,850)
Depressive
symptomatology 2,358 (12.16) 263 (7.79) 1,799 (12.11) 296 (25.45)  <0.001
(n=19,393)

Abbreviations: IPAQ, International Physical Activity Questionnaire; sSPNNS-GS2, simplified Programme
National Nutrition Santé - Guidelines Score 2; BMI, body mass index; T2D, type 2 diabetes; CVD,
cardiovascular disease. Trait impulsivity categories were determined using the following cut-offs: low (<52),
medium (=52 and <71) and high (>71), based on the Barratt Impulsiveness Scale 11 questionnaire.

*P-value showing comparisons between categories of trait impulsivity (low, medium, high) based on chi-square
for categorical variables and ANOVA for quantitative variables. T mean + SD (all such values). ¥ n (%) (all
such values).
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Associations between trait impulsivity and CVD

Compared with the medium impulsivity category, participants with high impulsivity
presented a higher risk of developing overall CVD (P=0.039) and cerebrovascular disease
(P<0.001) (Figure 2). No significant associations were found between impulsivity categories
and coronary heart disease. Additionally, a significant trend was observed between
impulsivity categories and cerebrovascular disease (P=0.044), but not in the case of overall
(P=0.32) and coronary heart diseases (P=0.51) (Figure 2).

Analyses were stratified by T2D due to the significant interaction observed (P=0.014) (Figure
3). Among participants without T2D at baseline, those with high impulsivity had a borderline
higher risk of developing overall CVD (P=0.055) compared with participants with medium
impulsivity levels. Additionally, among participants with T2D, those with low impulsivity
had a lower risk of developing overall CVD (P=0.022). A significant trend was observed

between impulsivity categories and overall CVD in individuals with T2D only (P=0.020).

Additional analyses were performed on coronary heart disease and cerebrovascular diseases
in individual without (Supplementary Table 10) and with T2D (Supplementary Table 11).
Among participants without T2D at baseline, those with high impulsivity had a higher risk
of developing cerebrovascular disease only (P<0.001). Among participants with T2D at
baseline, those with low impulsivity had a lower risk of developing coronary heart disease
only (P=0.043).

Sensitivity analyses consistently showed the same directionality and significance in the
associations between impulsivity and overall CVD risk when evaluating non-proportional
hazard risk covariates with correction using stratified estimates (Supplementary Table 4) and
without correction (Supplementary Table 5). Furthermore, the directions and significances
of the associations between impulsivity and overall, coronary heart, and cerebrovascular
diseases remained unchanged in seven additional models, with various adjustments
(Supplementary Table 6). However, when examining associations of impulsivity with hard
CVD events (Supplementary Table 7) or when excluding CVD events during the first 2 years
of follow-up (Supplementary Table 8), the associations were attenuated and did not reach

statistical significance.
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Figure 2. Associations between trait impulsivity and cardiovascular disease risk. NutriNet-Santé
cohort, France, 2014-2023 (n=48,135).

CVD Tmpulsivity HR (95%CT) P P for trend
categories
|
|
Low —lo— 1.05 (0.90, 1.21) 0.55
Overall Medium *
High r—.—l 1.27(1.01,1.59) 0.039 0.32
|
|
|
Low — 1.03 (0.84.125)  0.78
Coronary heart Medium +
High —— 0.89 (0.63, 1.28) 0.54 0.51
|
|
|
Low ——— 1.08 (0.87. 1.34) 0.49
|
Cerebrovascular  Medium [ ]
|
High | L 4 172(1.28.2.30)  <0.001 0.044
|
|
T 1 T 1 T
0.5 1 1.5 2 2.5
HR 95%CI

Abbreviations: CVD, cardiovascular disease; HR (95%Cl), hazard ratio and 95% confidence interval; Per 1SD,
per 1 standard deviation increment; rate, incidence rate per 1,000 person-years; BMI, body mass index. Cut-off
points for low (<52), medium (>52 and <71), and high (>71) impulsivity categories using the Barratt
Impulsiveness Scale 11 questionnaire.

Coronary heart disease includes: myocardial infarction, acute coronary syndrome, angioplasty, and angina
pectoris. Cerebrovascular disease includes: stroke and transient ischemic attack. Overall CVD includes
coronary heart and cerebrovascular diseases. Incident cases of overall CVD (n=1,184/48,135) had a rate of 4.04
per 1,000 person-years. Incident cases of coronary heart disease (n=632/48,112) had a rate of 1.98 per 1,000
person-years. Incident cases of cerebrovascular disease (n=554/48,123) had a rate of 1.88 per 1,000 person-
years. Two participants had a coronary heart and cerebrovascular disease event on the same day, and these
participants were included in both analyses.

Cox regression analyses were performed using hazard ratios and 95% CI to assess associations of impulsivity
categories (medium as reference) with the risk of developing overall CVD over a median follow-up of 8 years
in the NutriNet-Santé cohort. The P for trend was obtained by averaging the median score of each impulsivity
category. Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school
degree, <2 years after high school degree, >2 years after high school degree), smoking intensity (pack/day),
physical activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding
alcohol (kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé -
Guidelines Score 2), BMI (kg/m?), hypertension prevalence or medication (no, yes), hypercholesterolemia
prevalence or medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D
prevalence or medication (no, yes). Non-proportional hazard risk covariates were corrected by including a
logarithmic time interaction term for physical activity, energy intake excluding alcohol, and diet quality in the
analysis of overall CVD, and for physical activity in the analysis of cerebrovascular disease.
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Figure 3. Associations between trait impulsivity and cardiovascular disease risk by type 2 diabetes
prevalence. NutriNet-Santé cohort, France, 2014-2023 (n=48,135).

) ivi
T2D Impulsivity Overall CVD HR (95%CI) P P for trend
pre‘\-alence categories
1
1
Low -Jl-o—- 1.11 (0.95,1.28) 0.19
No Medium *
High b——— 1.26 (1.00, 1.60) 0.055 0.76
1
1
1
Low —— 0.42 (0.20, 0.88) 0.022
Yes Medium +
|
High —e 1.29 (0.64,2.63) 0.48 0.020
1
T T I T T T
0 0.5 1 1.5 2 25
HR 95%CI

Abbreviations: T2D, type 2 diabetes prevalence; CVD, cardiovascular disease; HR (95%Cl), hazard ratio and
95% confidence interval; HR per 1SD, hazard ratio and 95%CI per 1 standard deviation increment; rate,
incidence rate per 1,000 person-years; BMI, body mass index. Cut-off points for low (<52), medium (>52 and
<71), and high (>71) impulsivity categories using the Barratt Impulsiveness Scale 11 questionnaire.

Overall CVD includes myocardial infarction, acute coronary syndrome, angioplasty, angina pectoris, stroke,
and transient ischemic attack. Participants without prevalent T2D: incident cases of overall CVD
(n=1,096/46,834) had a rate of 3.84 per 1,000 person-years. Participants with prevalent T2D: incident cases of
overall CVD (n=88/1,301) had a rate of 11.91 per 1,000 person-years.

Cox regression analyses were performed using hazard ratios and 95% CI to assess associations of impulsivity
categories (medium as reference) with the risk of developing overall CVD over a median follow-up of 8 years
in the NutriNet-Santé cohort. Analyses were stratified by the T2D prevalence due to a significant interaction
(P=0.014). The P for trend was obtained by averaging the median impulsivity score of each impulsivity
category. Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school
degree, <2 years after high school degree, >2 years after high school degree), smoking intensity (pack/day),
physical activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding
alcohol (kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé -
Guidelines Score 2), BMI (kg/m2), hypertension prevalence or medication (no, yes), hypercholesterolemia
prevalence or medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D
prevalence or medication (no, yes). Non-proportional hazard risk covariates were corrected by including a
logarithmic time interaction term for physical activity, energy intake excluding alcohol, and diet quality in the
analysis of overall CVD.
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DISCUSSION

This study is the first, to our knowledge, to investigate associations between trait impulsivity
and the incidence of CVD. Our findings indicate that individuals with higher levels of
impulsivity had an increased risk of developing CVD overall, particularly cerebrovascular
events, compared to those with medium impulsivity levels. Additionally, among individuals
with prevalent T2D, lower impulsivity was associated with a reduced risk of developing CVD

overall, whereas no significant association was observed in individuals without T2D.

Although no prior studies have specifically examined the link between trait impulsivity and
CVD incidence, our data align with a previous cross-sectional study showing that both trait
and behavioral impulsivity are positively associated with a composite score of cardiovascular
disease risk (13). Several mechanisms may explain the observed associations. First,
impulsive unhealthy behaviors may lead to unhealthy lifestyle choices. Trait impulsivity has
been associated with lower adherence to healthy dietary patterns and higher BMI (11,16),
may be driven by food addiction (15), which are established risk factors for CVD and
therefore may indirectly contribute to its incidence (1). Another potential mechanism is based
on the mind-heart-body framework (22), which suggests that psychological factors, such as
stress, interact with the heart’s reactivity and the release of hormones in the body (24). The
pathways connecting stress and cardiovascular risk involve neural regions associated with
stress, such as the limbic and prefrontal areas (24), which are also involved in impulsivity
(6,25,26). This overlap may partly explain the association between trait impulsivity and
CVD. Lastly, the serotonin and dopamine networks, which play a key role in impulsivity
(27), have also been linked to the cardiovascular system and may have an impact on the

development and prevention of CVD (28,29).

In our study, we found an association between trait impulsivity and cerebrovascular disease,
but not with incident coronary heart disease. This finding is consistent with a previous pooled
analysis of 6 U.S. cohorts including 58,105 participants, which showed that the personality
traits of conscientiousness and neuroticism, as measured by the Big Five questionnaire, were
inversely and positively associated with incident stroke, respectively (31) Notably, this
analysis did not assess coronary heart disease (30). Trait impulsivity has been proposed as an

antagonist to conscientiousness, which is characterized by self-control, responsibility, and
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organization, and it related to neuroticism due to the regular experience of negative emotions
(31). Finally, a low internal locus of control, a concept related to impulsivity as both show
difficulties with self-regulation (32), has been associated with a higher risk of myocardial

infarction but showed no link in the case of stroke (33).

The mechanisms explaining the association observed in our study between trait impulsivity
and incident cerebrovascular disease, but not coronary heart disease, may involve differential
impacts of impulsivity on risk factors and physiological mechanisms related to
cardiovascular risk. For example, impulsivity has been associated with elevated blood
pressure (34), which has been more strongly associated with cerebrovascular disease than
with coronary heart disease (35). This disparity may be due to the unique vulnerabilities of
cerebral arteries, which have thinner walls and less elastic tissue compared to coronary
arteries (36). Moreover, impulsivity has been associated with increased use of alcohol,
cigarettes, or amphetamines (14), behaviors that are also more strongly associated with
cerebrovascular disease than with coronary heart disease (37-39).

T2D is a well-known risk factor for incident CVD (1). Our results confirmed the association
between high impulsivity and CVD in individuals without T2D, though this association was
only borderline significant. In contrast, no such association was observed in participants with
T2D, possibly due to a smaller sample size. Notably, within the T2D group, low impulsivity
was linked to a lower risk of CVD, suggesting a potential protective effect of lower
impulsivity. Previous research within the same cohort has shown positive associations
between trait impulsivity and a higher risk of incident T2D (12). Additionally, in individuals
with T2D, facets of trait impulsivity have been cross-sectionally associated with poorer self-
care behaviors, such as weight gain, reduced physical activity, poor diet quality, and
medication non-adherence (40-42), as well as with worse diabetes control, as indicated by
glycated hemoglobin levels (43). These findings underscore trait impulsivity as a significant
psychological factor to consider for mitigating the risk of incident CVD in individuals with

T2D particularly.

Strengths of the present analyses include the exploration of novel associations, a large sample
size, a relatively long follow-up period, comprehensive assessment of CVD events, and

extensive sensitivity analyses. The sensitivity analyses, which included adjustments for
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multiple confounders and interaction assessments, confirmed the robustness of the findings.
Additional adjustments for several confounders did not alter the significance of the
associations between trait impulsivity and incident CVD. However, there are some
limitations to note. Firstly, the observational design of the study precludes causal inferences.
Additionally, excluding incident cases within the first 2 years of follow-up led to a loss of
significance in these associations, which may be due to a reduction in CVD events by nearly
half. Excluding early incident cases aimed to mitigate potential reverse causation. Since
personality traits are stable from adulthood and likely precede chronic diseases (3,44),
reverse causation is less probable but cannot be entirely ruled out. Secondly, sensitivity
analyses focusing solely on hard CVD events also yielded non-significant results, potentially
due to reduced statistical power. For example, the incidence of cerebrovascular events
decreased from 1.1% to 0.3% when shifting from all events to hard events. Thirdly, trait
impulsivity was assessed via self-report using a widely accepted questionnaire. Despite its
validity, self-reported measures may introduce bias. Lastly, caution should be exercised when
generalizing these findings to other populations. The NutriNet-Santé cohort had a higher
proportion of female participants, and impulsivity tends to be greater in men than in women
(45). Moreover, voluntary enrollment is typically associated with higher education levels and
better health (46). In this line of thinking, a study conducted in France in 2013 involving
about 3.5 million people reported similar CVVD prevalence compared with in our study, but
incidence rates were clearly higher in men than in women (47). Therefore, the observed

associations of the current work may be slightly conservative.

The clinical relevance of this study warrants emphasis. First, while impulsivity traits are
viewed as adaptive responses in various contexts (48), high levels of impulsivity have been
consistently associated with risky behaviors (11,16,49), poor health outcomes
(13,14,16,40,41), and psychiatric conditions (11,48), with a significant public health burden.
The current study highlights that a higher impulsivity is linked to an increased risk of incident
CVD, which is the leading cause of mortality among non-communicable diseases (1). By
decreasing impulsivity, a beneficial feedback loop between positive psychological states and
cardiovascular health could occur under the mind-heart-body framework (50). Thus, trait

impulsivity emerges as an important factor to consider for the prevention of cardiometabolic
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health. Future clinical trials with large populations are needed to further explore the novel

relationships between impulsivity and chronic diseases such as CVD.

CONCLUSIONS

In conclusion, this study found that participants with high trait impulsivity had a significantly
increased risk of developing CVD over a median follow-up of 8 years within a large French
cohort. Additionally, among individuals with prevalent T2D, low impulsivity was associated
with a significantly reduced risk of developing CVD. While these findings are notable,
replication in diverse populations and settings is necessary to validate their generalizability.
Nonetheless, trait impulsivity emerges as a promising psychological risk factor worthy of
consideration in CVD prevention strategies.
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Supplementary Method 1. Multiple Imputation by Chained Equations.

Within the sample (n=48,135), missing values for covariates were handled using the Multiple Imputation by
Chained Equations method using fully conditional specification (imputed datasets= 20; seed= 1234) for the
following covariates: educational level (n=150 of missing data; 0.3% of missing data), smoking intensity pack-
day (n=2,264; 4.7%), physical activity (n=98; 0.2%), energy intake excluding alcohol (n=3,316; 6.9%), alcohol
intake (n=3,316; 6.9%), diet quality (n=4,091; 8.5%), BMI (n=173; 0.4%), family history of cardiovascular
disease (CVD) (n=285; 0.6%), and depressive symptomatology (n=28,742; 59.7%).
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Supplementary Figure 1. Restricted cubic splines between trait impulsivity and risk of developing
overall CVD.
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Cox regression analyses were performed using hazard ratios and 95% CI to assess associations between trait
impulsivity values and the risk of developing overall CVD over a median follow-up of 8 years in the NutriNet-
Santé cohort.

Spline plot modeling the association between total trait impulsivity and CVD risk was obtained using restricted
cubic spline and piecewise cubic polynomials across 5 adjacent knots of trait impulsivity. Knots are represented
with a red dot for total impulsivity: 46, 54, 58, 63, 73.

Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school degree, <2
years after high school degree, >2 years after high school degree), smoking intensity (pack/day), physical
activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding alcohol
(kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé - Guidelines
Score 2), BMI (kg/m?), hypertension prevalence or medication (no, yes), hypercholesterolemia prevalence or
medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D prevalence or
medication (no, yes). P-value for potential non-linear association (P=0.65).
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Supplementary Figure 2. Restricted cubic splines between trait impulsivity and risk of developing
coronary heart disease.
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Cox regression analyses were performed using hazard ratios and 95% CI to assess associations between trait
impulsivity values and the risk of developing coronary heart disease over a median follow-up of 8 years in the
NutriNet-Santé cohort.

Spline plot modeling the association between total trait impulsivity and coronary heart disease risk was obtained
using restricted cubic spline and piecewise cubic polynomials across 5 adjacent knots of trait impulsivity. Knots
are represented with a red dot for total impulsivity: 46, 54, 58, 63, 73.

Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school degree, <2
years after high school degree, >2 years after high school degree), smoking intensity (pack/day), physical
activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding alcohol
(kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé - Guidelines
Score 2), BMI (kg/m?), hypertension prevalence or medication (no, yes), hypercholesterolemia prevalence or
medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D prevalence or
medication (no, yes). P-value for potential non-linear association (P=0.49).
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Supplementary Figure 3. Restricted cubic splines between trait impulsivity and risk of developing
cerebrovascular disease.
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Cox regression analyses were performed using hazard ratios and 95% CI to assess associations between trait
impulsivity values and the risk of developing cerebrovascular disease over a median follow-up of 8 years in the
NutriNet-Santé cohort.

Spline plot modeling the association between total trait impulsivity and cerebrovascular disease risk was
obtained using restricted cubic spline and piecewise cubic polynomials across 5 adjacent knots of trait
impulsivity. Knots are represented with a red dot for total impulsivity: 46, 54, 58, 63, 73.

Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school degree, <2
years after high school degree, >2 years after high school degree), smoking intensity (pack/day), physical
activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding alcohol
(kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé - Guidelines
Score 2), BMI (kg/m?), hypertension prevalence or medication (no, yes), hypercholesterolemia prevalence or
medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D prevalence or
medication (no, yes). P-value for potential non-linear association (P=0.030).
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Supplementary Figure 4. Cumulative hazard ratio between categories of trait impulsivity and the
risk of developing overall CVD.

Risk of developing cardiovascular disease
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Cox regression analyses were performed using hazard ratios and 95% CI to assess associations across trait
impulsivity categories and the risk of developing overall CVD over a median follow-up of 8 years in the
NutriNet-Santé cohort.

Cumulative hazards were estimated for low (<52), medium (>52 and <71) and high (>71) impulsivity categories
using the Barratt Impulsiveness Scale 11 questionnaire.

Main model was adjusted for baseline age (time-scale), sex, educational level (less than high school degree, <2
years after high school degree, >2 years after high school degree), smoking intensity (pack/day), physical
activity (International Physical Activity Questionnaire: low, moderate, high), energy intake excluding alcohol
(kcal/day), alcohol intake (g/day), diet quality (simplified Programme National Nutrition Santé - Guidelines
Score 2), BMI (kg/m?), hypertension prevalence or medication (no, yes), hypercholesterolemia prevalence or
medication (no, yes), hypertriglyceridemia prevalence or medication (no, yes), and T2D prevalence or
medication (no, yes).
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Supplementary Table 1. Baseline characteristics of included and excluded population.

. Included population Excluded population P-
Characteristics (n=48,135) (n=109,456) value*
n Values n Values

Age (years) 48,135 50.47 +£14.49% 109,384 44.28+14.42  <0.001
Sex (female) 48,135 (%%%) 100384 84,913 (77.63) 001
Educational level 47,985 103,734 <0.001

Less than high school degree 1,056 (2.20) 4,063 (3.92)

<2 years after high school degree 14,054 (29.29) 38,807 (37.41)

>2 years after high school degree 32,875 (68.51) 60,864 (58.67)
Smoking intensity (pack/day) 45,871 0.30 £ 0.49 105,911 0.33+0.49 <0.001
Physical activity (IPAQ) 48,037 93,757 <0.001

Low 11,084 (23.07) 25,643 (27,35)

Moderate 20,143 (41.93) 38,005 (40.54)

High 16,810 (34.99) 30,109 (32.11)
Energy intake excluding alcohol 44,819 1,787.03 + 1,799.98 +
(kcal/day) 473.75 69,379 493.58 0.030
Alcohol intake (g/day) 44,819  7.85+12.00 69,379 7.39+ 1253 <0.001
g'igq;)a"ty (SPNNS-GS2; range: =17 44,044 ) 57,356 50708  1.024355  <0.001
BMI (kg/m?) 47,962  23.96+4.50 104,729 24.38 £5.07 <0.001
Hypo_erte_nsmn prevalence and/or 48,135 6,412 (13.32) 107,939 10,630 (9.85) <0.001
medication
Hyperchole_ster_olemla prevalence 48,135 8601 (17.87) 107,940 10,221 (9.47) <0.001
and/or medication
Hypertrlgly_cerl_demla prevalence 48,135 1,827 (3.80) 107,393 2,395 (2.22) <0.001
and/or medication
T2D prevalence and/or medication 48,135 1,301 (2.70) 107,939 2,508 (2.32) <0.001
Family history of CVD 47,850 17,529 (36.63) 105,878 28,908 (27.30) <0.001
Depressive symptomatology 19,393 2,358 (12.16) 18,294 2,997 (16.38)  <0.001

Abbreviations: IPAQ, International Physical Activity Questionnaire; sPNNS-GS2, simplified Programme
National Nutrition Santé - Guidelines Score 2; BMI, body mass index; T2D, type 2 diabetes; CVD,
cardiovascular disease.

Trait impulsivity categories were determined using the following cut-offs: low (<52), medium (>52 and <71)
and high (>71), based on the Barratt Impulsiveness Scale 11 questionnaire.

* P-value showing comparisons between included and excluded population based on chi-square for categorical
variables and t-test for quantitative variables.

T mean + SD (all such values).

n (%) (all such values).
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Supplementary Table 2. Rationale for selected confounders.

Unveiling Emerging Perspectives on Their Interplay

Covariate Coding of the Relationship with  Relationship with ~ Method for collection /
variable impulsivity CVvD measurement

Age Used as time- Impulsivity Aging is associated  Self-reported socio-
scale in Cox decreases with with higher CVD demographic and
models aging (1,2) risk (3) lifestyle questionnaires

Sex Categorical: There are different ~ Sex-related factors  Self-reported socio-
male, female patterns of interact to produce  demographic and

impulsivity
between men and
women (4)

differences in CVD
outcomes (5)

lifestyle questionnaires

Educational level

Categorical: less
than high school
degree, <2 years
after high school
degree, >2 years
after high school
degree

Higher impulsivity
is associated with
lower educational
level (6)

Higher educational
level is associated

with reduced CVD
risk (7)

Self-reported socio-
demographic and
lifestyle questionnaires

Smoking intensity

Continuous
(pack/day). A
pack is defined

Higher impulsivity
is associated with
higher cigarette

Smoking pack/day
is a better predictor
than smoking status

Self-reported socio-
demographic and
lifestyle questionnaires

as 20 cigarettes  consumption (9,10)  and smoking

consumed in pack/years to assess

one day (8) the risk of CVD
outcomes. Higher
smoking intensity is
associated with
higher CVD risk (8)

Physical activity Categorical: Impulsivity is Physical inactivity ~ Validated International

low, moderate,
high

associated with
patterns of physical
activity (11)

is associated with
higher CVD risk (3)

Physical Activity
Questionnaire (12)

Energy intake Continuous Higher impulsivity ~ Higher energy 24h-dietary records
excluding alcohol (kcal/day) is associated with intake is associated  linked with the
intake higher energy with higher CVD NutriNet-Santé food
intake (13) risk (14) composition database
Alcohol intake Continuous Higher impulsivity  Light to moderate 24h-dietary records
adding a is associated with alcohol linked with the

quadratic term
(g/day)

higher alcohol
intake (13)

consumption is
associated with
reduced CVD risk,
but heavy alcohol
consumption is
associated with
higher CVD risk
(15,16)

NutriNet-Santé food
composition database

Diet quality Continuous: Higher impulsivity ~ Poor diet quality is ~ 24h-dietary records
simplified is associated with associated with linked with the
Programme lower adherence to  higher CVD risk NutriNet-Santé food
National healthy dietary (3,18) composition database.
Nutrition Santé -  patterns and with SPNNS-GS2, simplified
Guidelines higher adherence to Programme National
Score 2 (range:  unhealthy dietary Nutrition Santé -
—17t0 13.5) patterns (13,17) Guidelines Score 2 (19)
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BMI

Continuous
(kg/m2)

Higher impulsivity
is associated with
higher BMI (20)

Obesity is
associated with
higher CVD risk
(21)

Self-reported socio-
demographic and
lifestyle questionnaires

Hypertension
prevalence or
medication

Categorical: yes,
no

Higher impulsivity
is associated with
higher hypertension
risk (22)

Hypertension is
associated with
higher CVD risk (3)

Self-reported socio-
demographic and
lifestyle questionnaires

Hypercholesterolemia
prevalence or
medication

Categorical: yes,
no

Higher impulsivity
is associated with
lower HDL-
cholesterol levels
(23)

Hypercholesterolem
ia is associated with
higher CVD risk (3)

Self-reported socio-
demographic and
lifestyle questionnaires

Hypertriglyceridemia
prevalence or

Categorical: yes,
no

Higher impulsivity
is associated with

Hypertriglyceridem
ia is associated with

Self-reported socio-
demographic and

medication higher triglyceride higher CVD risk (3) lifestyle questionnaires
levels (23)
T2D or medication Categorical: yes, Impulsivity is T2D is associated Self-reported socio-
(no, yes) no higher in with higher CVD demographic and
participants with risk (3) lifestyle questionnaires.
T2D (24) Type 2 diabetes events
were validated by the
NutriNet-Santé
physicians and further
merged with French
health institution data
(SNIIRAM and CNAM)
SENSITIVITY
ANALYSES
Family history of Categorical: yes, Impulsivity is Family history of Self-reported socio-

CvD

no

associated with
CVD risk (25).
However, to our
knowledge, no
evidence exists
regarding family
history of CVD

CVD is associated
with higher risk of
CVD (26)

demographic and
lifestyle questionnaires

Depressive
symptomatology
(in sensitivity
analyses due to the
high number of
missing data)

Categorical: yes,
no

Higher impulsivity
is associated with
higher depressive
symptomatology
@7)

Depression is
associated with
higher CVD risk
(28)

Self-reported Center for
Epidemiologic Studies
Depression Scale
questionnaire (29)

Abbreviations: CVD, cardiovascular disease; BMI, body mass index; T2D, type 2 diabetes; SNIIRAM,
Systeme National d'Informations Inter-Régimes de I'Assurance Maladie; CNAM, Caisse nationale de

I'Assurance Maladie.
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Supplementary Table 3. Pearson correlations between continuous variables included in the main

model.
. Smoking Energy intake Alcohol Diet
Covariables Age intensity without alcohol intake quality BMI
Age

Smoking intensity 0.225% -

Energy intake
without alcohol -0.030% 0.0043* i

Alcohol intake 0.14* 0.19* 0.15* -
Diet quality 0.040* -0.090* -0.38* -0.42* -
BMI 0.21* 0.16* 0.063* 0.080* -0.14* -

Abbreviations: BMI, body mass index.
§ Pearson correlation coefficients (all such values).
* P<0.001
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Trait impulsivity is associated sl

with an increased risk of type 2 diabetes
incidence in adults over 8 years of follow-up:
results from the NutriNet-Santé cohort

Carlos Gémez-Martinez'?, Pauline Paolassini-Guesnier®, Léopold Fezeu®, Bernard Srour?, Serge Hercberg?,
Mathilde Touvier*, Nancy Babio "%, Jordi Salas-Salvadd'**" and Sandrine Péneau®"

Abstract

Background Type 2 diabetes is one of the most prevalent and preventable diseases worldwide and impulsivity,

a psychological trait characterized by making quick decisions without forethought, has been suggested as a key fea-
ture for health-related conditions. However, there have been no studies examining the relationships between impul-
sivity and the incidence of type 2 diabetes and our aim was to assess the prospective association between trait
impulsivity and the risk of developing type 2 diabetes.

Methods A prospective observational study design was conducted between May 2014 and February 2023

within the NutriNet-Santé cohort. A web-based platform was used to collect data from the French adult population,
with voluntary enrollment and participation. Of the 157,591 adults (> 18 years old) participating in the NutriNet-
Santé study when impulsivity was assessed, 109,214 participants were excluded due to prevalent type 1 or 2 diabe-
tes or missing data for impulsivity or follow-up data for type 2 diabetes. Trait impulsivity, and the attention, motor,
and non-planning subfactors, were assessed at baseline using the Barratt Impulsiveness Scale 11. Incident type 2
diabetes was ascertained through follow-up. Medical information was reviewed by NutriNet-Santé physician experts
to ascertain incident diabetes cases based on the ICD-10. Cox regression models, using hazard ratios and 95% confi-
dence intervals (HR [95% Cl]), were performed to evaluate associations between impulsivity per 1 standard deviation
increment and type 2 diabetes risk, adjusting by recognized confounders.

Results Of the 48,377 individuals studied (women 77.6%; age at baseline=50.6 year + 14.5 years), 556 individuals
developed type 2 diabetes over a median follow-up of 7.78 (IQR: 3.97-8.49) years. Baseline impulsivity was associated
with an increased risk of type 2 diabetes incidence (HR=1.10[1.02, 1.20]). The motor impulsivity subfactor was posi-
tively associated with type 2 diabetes risk (HR=1.14 [1.04, 1.24]), whereas no associations were found for attention
and non-planning impulsivity subfactors.
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Conclusions Trait impulsivity was associated with an increased type 2 diabetes risk, mainly driven by the motor
impulsivity subfactor. If these results are replicated in other populations and settings, trait impulsivity may become
an important psychological risk factor to be considered in the prevention of type 2 diabetes.

Cohort registration Name of registry: The NutriNet-Santé Study. A Web-based Prospective Cohort Study of the Rela-
tionship Between Nutrition and Health and of Dietary Patterns and Nutritional Status Predictors.

Cohort registration number: NCT03335644.
Date of registration: October 11, 2017.
URL: https://clinicaltrials.gov/ct2/show/NCT03335644

Keywords |Impulsivity, Prospective cohort study, Motor, Attention, Planning, Personality, Psychological traits, Type 2

diabetes

Background

Type 2 diabetes is a chronic metabolic disease char-
acterized by insulin resistance and elevated levels of
blood glucose, with a worldwide prevalence of 422 mil-
lion people and around 1.6 million deaths attributable
to this medical condition yearly [1].

Genetic predisposition and different lifestyle behav-
iors have been recognized as risk factors for diabe-
tes [2]. Personality traits predispose individuals to act
within a range of behaviors [3] and have also been sug-
gested as risk factors for different health outcomes,
including diabetes [4]. Personality traits are relatively
stable characteristics across the lifespan but can also be
modified through psychological-based interventions [5,
6].

Trait impulsivity, in particular, is a personality trait
characterized by difficulties with sustained attention,
rapid motor reactions, and lack of planning [7], and
has been linked to impaired inhibitory processes and
higher reward sensitivity [8]. Some studies have found
associations between trait impulsivity, poor diet qual-
ity [9], higher body mass index (BMI) [10], and car-
diometabolic risk [11]. Therefore, impulsivity could be
expected to increase the risk of type 2 diabetes inci-
dence. However, to the best of our knowledge, there has
not been any prospective exploration of associations
between impulsivity and the risk of developing type 2
diabetes. A few cross-sectional studies have been per-
formed and produced promising results [12, 13]. In one
study, higher glucose levels were associated with lower
inhibitory control (i.e., higher behavioral impulsivity),
especially in participants with prediabetes [12]. Partici-
pants with prediabetes also exhibited a greater impul-
sive reward sensitivity compared to healthy control
individuals [13]. Similar associations were observed in
individuals with type 2 diabetes, where higher HOMA -
insulin resistance and glycated hemoglobin levels were
associated with poorer performance on behavioral cog-
nitive control and decision-making, respectively [14,

15]. Finally, both higher trait and behavioral impulsivity
were found to be associated with poor diabetes man-
agement [16, 17].

As impulsivity has been suggested to play a role in dia-
betes status and control, we hypothesize that those indi-
viduals with high trait impulsivity will have an increased
risk of developing type 2 diabetes. Therefore, the main
aim of this work was to assess the associations between
baseline trait impulsivity and the risk of type 2 diabetes
incidence over 8 years of follow-up in the NutriNet-Santé
cohort.

Methods

Study design and population

A prospective study design was performed in the context
of the NutriNet-Santé study cohort, a web-based obser-
vational study with the objective to study relationships
between nutrition and health, as well as the determinants
of eating behavior and health status. The NutriNet-Santé
recruitment started in May 2009 and currently has an
open ongoing enrolment. Volunteers are recruited via
multimedia campaigns from the general French popu-
lation and are included if they are>18 years old, speak
French fluently, and have internet access. They are fol-
lowed using a personal account on the study website
(https://etude-nutrinet-sante.fr/), through which they
provide detailed information by answering multiple
questionnaires.

At inclusion, participants complete several self-report
web-based questionnaires to assess their diet, physical
activity, anthropometric measures, lifestyle characteris-
tics, socioeconomic conditions, and health status. Par-
ticipants then complete this same set of questionnaires
every year after inclusion. Another set of optional ques-
tionnaires related to determinants of eating behaviors,
nutritional status, and specific health-related aspects is
sent to every participant each month. More information
on the study protocol can be found on the following web-
site: https://info.etude-nutrinet-sante.fr/siteinfo/, where
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the detailed study rationale, design, and methods are pro-
vided [18]. The study protocol was registered at https://
www.clinicaltrials.gov/ (NCT03335644).

All participants report an electronic informed consent.
Procedures were approved by the Institutional Research
Board of the French Institute for Health and Medical
Research (IRB INSERM no: 0000388F WA00005831) and
the Commission Nationale de 'Informatique et des Lib-
ertés (CNIL no: 908450 and 909,216). The study accom-
plishes the Declaration of Helsinki standards.

Impulsivity

Trait impulsivity was assessed using the validated French
version of the Barratt Impulsiveness Scale (BIS-11) [19],
derived from the BIS-10 [20]. The BIS-11 is the most used
questionnaire to assess trait impulsivity in both research
and clinical practice [7]. This questionnaire was admin-
istered between May and November 2014. The BIS-11 is
a 30-item self-reported questionnaire with a 4-point Lik-
ert scale scoring, ranging from “rarely/never” (1 point)
to “almost always/always” (4 points). The total BIS-11
score, as well as their impulsivity subfactors (attentional,
motor, and non-planning), were obtained by adding their
respective items. The range of impulsivity scores was as
follows: BIS-11 total score (range 30-120), attentional
subfactor (range 8-32), motor subfactor (range 11-44),
and non-planning subfactor (range 11-44). Higher values
in the scores reflect higher impulsivity. The a Cronbach
value for the total score was 0.77, indicating an accept-
able internal consistency.

Type 2 diabetes

Type 2 diabetes status was assessed using a multisource
approach (Additional file 1: Supplementary Method
1). Incident cases of type 2 diabetes and medication
for this disease were recorded through yearly health
questionnaires, a specific health check-up question-
naire every 6 months, or at any time spontaneously
through the NutriNet-Santé platform. Medical informa-
tion was reviewed by NutriNet-Santé physician experts
to ascertain incident diabetes cases. Furthermore, this
medical record data was linked to the Systéme National
d’Information Inter-Régimes de I'Assurance Maladie
(SNIIRAM) from the Caisse Nationale de I’Assurance
Maladie of the French national insurance system where
participants medication and medical consultation his-
tory was available. The SNIIRAM uses the International
Chronic Diseases Classification Clinical Modification
10th Revision (ICD-10) [21] to ascertain type 2 diabetes
incident cases. The first incident type 2 diabetes case was
considered between the impulsivity assessment and 8th
February 2023.
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Covariates

Potential confounders of the relation between trait
impulsivity and type 2 diabetes were collected. We
used the data closest to the date of completion of the
BIS-11. Selected confounders were sociodemograph-
ics: sex (male, female), age (years), and educational level
(less than high school degree, <2 years after high school
degree,>2 years after high school degree); lifestyle:
smoking status (never, former, current), physical activ-
ity (low, medium, high) using the International Physi-
cal Activity Questionnaire (IPAQ) [22], energy intake
without alcohol (kcal/day), alcohol intake (g/day) using
24 h-dietary records, and diet quality using the simpli-
fied Programme National Nutrition Santé—Guidelines
Score 2 (sPNNS-GS2) [23]; personal history of disease:
prevalence or medication use for hypertension (no,
yes), hypercholesterolemia (no, yes), and hypertriglyc-
eridemia (no, yes); family history of diabetes disease (no,
yes); depressive symptomatology (no, yes) using the self-
reported Center for Epidemiologic Studies Depression
Scale questionnaire (CES-D) [24]; and anthropometrics:
BMI (kg/m?).

Statistical analysis

For this study, we included participants from the Nutri-
Net-Santé cohort who completed the BIS-11 and did not
have prevalent type 1 or 2 diabetes diagnosed at baseline.
Covariates with missing values were handled using Mul-
tiple Imputation by Chained Equations (MICE) by fully
condition specification (Additional file 1: Supplementary
Method 2).

Differences in trait impulsivity scores between the
excluded participants with prevalent type 2 diabetes
and those included in the final population were assessed
using a ¢-test. A comparison of baseline population char-
acteristics between included and excluded participants
was performed, using t-test or chi-square, as appropri-
ate. Baseline participant characteristics are presented as
numbers and percentages for qualitative variables and
as mean + standard deviation (SD) for quantitative vari-
ables. Comparisons across trait impulsivity categories
(low, medium, and high) were based on chi-square for
categorical variables and one-way ANOVA for quantita-
tive variables.

Cox regression models, using hazard ratios and 95%
confidence interval (HR 95% CI), were performed to eval-
uate the linear associations between 1 SD increment of
trait impulsivity (and attention, motor, and non-planning
subfactors) and the incidence of type 2 diabetes, over
8 years of follow-up. Participants contributed person-
time from their impulsivity assessment until the date of
type 2 diabetes event, date of last follow-up, date of death,
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or 8th February 2023, whichever occurred first, and inci-
dence rates were estimated. A parsimonious model was
run and adjusted at baseline for age (as timescale) and
sex. The main model was further adjusted at baseline for
educational level (with a logarithmic time interaction),
smoking status, physical activity, energy intake without
alcohol, alcohol intake, and diet quality. The rationale
for covariates selection is described in Additional file 2:
Table S1 [9, 23, 25—-40] and Additional file 2: Table S2 [10,
24, 41-46).

Linearity assumptions between total impulsivity,
and its subfactors, with type 2 diabetes incidence were
verified using restricted cubic spline functions. If the
associations were non-linear (motor subfactor only),
a correction was applied using a logarithmic base 10
transformation. Impulsivity categories were used to esti-
mate cumulative hazard risks (Additional file 3: Fig. S1).
Impulsivity categories were determined by using speci-
fied cut-offs [7]: low (<52), medium (>52 and<71),
and high (>71). An exploratory analysis was conducted
studying the associations between trait impulsivity cat-
egories and the incidence of type 2 diabetes, using Cox
regression models. Pearson correlation coefficients were
assessed to confirm the absence of collinearity between
the continuous variables included in the main model
(Additional file 2: Table S3). Schoenfeld residuals were
computed to confirm the risk of proportionality hazard
assumptions. Covariates with non-proportional hazard
risk were corrected in the main analyses by establishing
an interaction by logarithmic time (education level only).
Furthermore, Schoenfeld residuals were tested again cor-
recting for non-proportional hazard covariates.

Sensitivity analyses were performed to verify the
robustness of the findings. Associations between impul-
sivity and type 2 diabetes risk were analyzed using strati-
fied estimates for non-proportional hazard covariates and
without a correction for these non-proportional covari-
ates. A total of six additional models were evaluated with
the aim of studying various confounding factors. The
exclusion of incident cases of type 2 diabetes during the
first 2 years of follow-up was also assessed. Interactions
were tested using the likelihood ratio test for sex, age
(<60 years,>60 years), overweight (BMI:<25,>25 kg/
m?), and diet quality (sSPNNS-GS2: median to determine
low and high diet quality, by sex). A post hoc mediation
analysis was conducted to assess the role of baseline BMI
in the association between a 1 SD increase in total trait
impulsivity and the risk of developing type 2 diabetes.
Linear regressions were used to determine the associa-
tion between impulsivity (exposure) and BMI (mediator),
and Cox regressions were used to determine the associa-
tion of impulsivity and BMI with incident type 2 diabe-
tes (outcome). BMI was fixed as its mean. The model was
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adjusted for the same covariates as the main model, and
confounders were fixed either at the mode (sex, educa-
tion, smoking status, and physical activity) or at the mean
(energy intake, alcohol intake, and diet quality). Analyses
were performed using the bootstrapping decomposition
method (seed: 4500; replicates: 1000).

Analyses were performed with STATA 14. The STATA
med4way package [47] was used for mediation analyses.
Statistically significant results were considered when P
value was < 0.05.

Results
Description of the study population
Among the 157,591 individuals included in the NutriNet-
Santé study at the time of impulsivity assessment, a total
of 48,377 participants were included in the present analy-
ses and of these, 556 developed type 2 diabetes (Fig. 1).
Comparison of baseline population characteristics
between included and excluded participants can be found
in Additional file 2: Table S4. Baseline characteristics of
the studied population were shown in Table 1. Mean age
was 50.4 (SD: 14.6) years, and around three-quarters of
the population were women. Compared with individuals
presenting lower impulsivity, those with higher impulsiv-
ity were more likely to be younger, female, and former
or current smokers; to have a lower level of education,
physical activity, and diet quality; and to have a higher
alcohol consumption, BMI, and prevalence or medication
use of hypertension, hypertriglyceridemia, and depres-
sive symptomatology. The median follow-up was approx-
imately 8 (median: 7.78; interquartile range: 3.97-8.49)
years (person-years: 297,027), and the incidence rate
(95% CI) was 1.87 (1.72, 2.03) for 1000 person-years.
Participants excluded due to prevalent type 2 diabe-
tes at baseline exhibited higher trait impulsivity scores
(mean: 59.83; SD: 8.48) compared to the final popula-
tion (mean: 58.70; SD: 7.98) analyzed (P<0.001). No sta-
tistically significant difference was observed in the total
impulsivity score between participants with prevalent
(mean: 59.83; SD: 8.48) and incident (mean: 59.35; SD:
8.06) type 2 diabetes (P=0.15).

Associations between trait impulsivity and type 2 diabetes
Restricted cubic splines suggested a linear relationship
between total impulsivity and type 2 incident diabetes
(P=0.51) (Additional file 3: Fig. S2).

In both the parsimonious and main model, a positive
linear significant association was found between a 1 SD
increment of impulsivity and incidence of type 2 diabetes
(main model; HR [95% CI]=1.10 [1.02, 1.20]; P=0.019)
(Fig. 2). The associations between trait impulsivity cat-
egories and the incidence of type 2 diabetes were not sig-
nificant (Additional file 2: Table S5).
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Participants of the
NutriNet-Santé
cohort at the time
of impulsivity
assessment

(n=157,591)

—»

\ 4
Participants with

Participants without
impulsivity assessment
(n=106,693)
Participants with
acquiescence bias on
impulsivity data (n= 14)

valid impulsivity
assessment

(n=50,884)

-

\ 4
Final population

Participants with prevalent

type 1 or 2 diabetes
(n=1,731)
Participants without
follow-up data for type 2
diabetes (n=776)

(n=48,377)

Fig. 1 Flowchart of the studied population

In the parsimonious model, all impulsivity subfac-
tors (attention, motor, and non-planning) were associ-
ated with an increased risk of type 2 diabetes incidence,
although only motor impulsivity remained significantly
related in the main model (HR [95% CI]=1.14 [1.04,
1.24]; P=0.003) (Fig. 3).

Given the non-proportional hazard estimates observed
for educational level (Additional file 2: Table S6; Addi-
tional file 2: Table S7), sensitivity analyses were per-
formed with a stratification on educational level and
without correction for this covariate. In both analyses,
the directionality and significance of the associations
between total impulsivity, its subfactors, and type 2 dia-
betes were maintained (Additional file 2: Table S8; Addi-
tional file 2: Table S9). The associations between total
trait impulsivity and type 2 diabetes were also maintained
after the adjustment of sociodemographic and lifestyle
confounders (Additional file 2: Table S10). However, the
additional adjustment for personal and familiar history
of disease, as well as for depressive symptomatology,
attenuated the relationships showing borderline non-
significant results (all 7<0.075). More specifically, after

the inclusion of BMI in the models, the association was
largely attenuated becoming non-significant (P=0.53).
When excluding participants with early incident type 2
diabetes (first 2 years of follow-up), the associations were
also attenuated (P=0.11) (Additional file 2: Table S11).
Assessed interactions for sex, age, overweight, and diet
quality showed no significant results (all 2>0.20). The
results of the mediation analysis by BMI in the associa-
tion between trait impulsivity and the risk of developing
type 2 diabetes showed a significant total effect (HR [95%
CI]=1.10 [1.00, 1.19]; P=0.048), a borderline significant
controlled direct effect when BMI was fixed at its mean
(HR=1.09 [0.99, 1.18]; P=0.070), and a significant pure
indirect effect (HR [95% CI]=1.02 [1.01, 1.03]; P<0.001)
indicating a strong mediation effect of BMI (Additional
file 3: Fig. S3).

Discussion

To the best of our knowledge, this is the first study inves-
tigating long-term relationships between impulsivity
and type 2 diabetes incidence. In the present study, con-
ducted in the context of a large population, baseline trait
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Table 1 Baseline characteristics of the study population by trait impulsivity categories, NutriNet-Santé cohort, France, 2014-2023

(n=48,377)
Characteristics All participants  Trait impulsivity Pvalue®
Low (n=8659) Medium (n=36,743) High (n=2975)
Age (years) 50.63+14.56" 51.11+£14.06 50.59+14.60 49.78+15.37 <0.001
Sex (female) 37,568 (77.66) 6244 (72.11) 28,863 (78.55) 2461 (82.72) <0.001
Educational level (n=48,278) <0.001
Less than high school degree 1032 (2.14) 120 (1.39) 779 (2.13) 133 (4.48)
<2 years after high school degree 14,108 (31.39) 2167 (25.09) 10,753 (29.36) 1188 (40.01)
> 2 years after high school degree 33,091 (68.61) 6351 (73.52) 25,092 (68.51) 1648 (55.51)
Smoking status (n=48,376) <0.001
Never 22,333 (46.17) 4625 (5341) 16,687 (45.42) 1021 (34.32)
Former 20,899 (43.20) 3423 (39.53) 16,051 (43.69) 1425 (47.90)
Current 5144 (10.63) 611 (7.06) 4004 (10.90) 529 (17.78)
Physical activity (IPAQ) (n=48,314) <0.001
Low 11,025 (22.83) 8408 (22.92) 84,088 (22.92) 751 (25.37)
Medium 20,248 (41.94) 3561 (41.20) 15,501 (42.26) 1186 (40.07)
High 17,009 (35.23) 3217 (37,22) 12,769 (34.81) 1023 (34.56)
Energy intake without alcohol (kcal/day) (n=45,080) 1787.29+474.28 1789.09+474.73 1786.23+47191 179535+£50241 059
Alcohol intake (g/day) (n=45,080) 7.92+12.01 721£11.12 805+12.10 8.66+13.22 <0.001
Diet quality (sSPNNS-GS2; range:— 17 to 13.5) (n=44,318)  1.28+3.56 141+3.55 1.27+3.54 0.95+3.80 <0.001
Body mass index (kg/mz) (n=48212) 23.86+4.34 23.65+4.16 23.87+4.36 2441 +5.00 <0.001
Hypertension prevalence and/or medication 6400 (13.23) 1131 (13.06) 4818 (13.11) 1(15.16) 0.006
Hypercholesterolemia prevalence and/or medication 8719 (18.02) 1545 (17.84) 6618 (18.01) 556 (18.69) 0.58
Hypertriglyceridemia prevalence and/or medication 1657 (3.43) 285 (3.29) 1243 (3.38) 129 (4.34) 0.017
Family history of diabetes (n=47,996) 9689 (20.19) 7(19.97) 7370 (20.21) 602 (20.53) 0.78
Depressive symptomatology (n=19,464) 2359 (12.12) 263 (7.71) 14,887 (12.14) 288 (24.68) <0.001

Abbreviations: IPAQ, International Physical Activity Questionnaire; sSPNNS-GS2, simplified Programme National Nutrition Santé—Guidelines Score 2

Trait impulsivity categories were determined using the following cut-offs: low (< 52), medium (>52 and <71), and high (>71), based on the Barratt Impulsiveness

Scale 11 questionnaire

" P value showing comparisons between categories of trait impulsivity (low, medium, high) based on chi-square for categorical variables and ANOVA for quantitative

variables
* Mean 5D (all such values)

*n (%) (all such values)

impulsivity was significantly associated with an increased
risk of type 2 diabetes, independently of several recog-
nized confounding factors.

Psychological aspects have been highlighted as major
characteristics for the establishment of diseases [4]. Psy-
chological traits predispose human behavior based on
established patterns of emotions and cognitive processes
that interact with genetic, biological, cultural, and social
spheres [3]. Therefore, it seems reasonable that psycho-
logical traits, such as an impulsive proneness which has
been associated with unhealthy behaviors and glycemic
dysregulations [11, 16, 17], may play a role in the develop-
ment of glucose-related diseases such as type 2 diabetes.

Unfortunately, there is a lack of studies analyzing the
associations between personality traits and the inci-
dence of type 2 diabetes, and none of the studies has
examined these associations evaluating trait impulsivity.

Remarkably, the present work shows an association
between trait impulsivity and the risk of developing type
2 diabetes. Our data support previous cross-sectional
studies in populations with or at risk of developing type
2 diabetes where an inverse relationship between behav-
ioral impulsivity levels and glycemic status [12-15], and
poor diabetes control [16, 17] have been reported.

The present results are also in line with those of a
pooled project including 5 prospective cohorts and
34,914 adults from the USA and the UK where higher
trait conscientiousness was linearly associated with
lower type 2 diabetes incidence and its caused-related
mortality [48]. Trait impulsivity has been proposed as
an antagonist of conscientiousness, which is described
as the propensity to be self-controlled, responsible, and
well-organized [49]. The associations shown in the pre-
sent work between impulsivity and type 2 diabetes could
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Fig. 2 Associations between trait impulsivity and type 2 diabetes risk, NutriNet-Santé cohort, France, 2014-2023 (n=48,377). Abbreviations:

HR per 1 SD (95% Cl), hazard ratio per 1 standard deviation increment and 95% confidence interval. Cox regression analyses were performed

using hazard ratios and 95% Cl to assess associations between 1 SD increment of total trait impulsivity and the risk of type 2 diabetes incidence
over a median follow-up of 8 years in the NutriNet-Santé cohort. Total population (n=48,377) and type 2 diabetes incident cases (n=556).
Person-years=297,027 and incidence rate =1.87 (95% Cl: 1.72, 2.03) per 1000 person-years. Parsimonious model: adjusted for baseline sex and age
(time scale). Main model: parsimonious model + baseline education level (less than high school degree, < 2 years after high school degree, > 2 years
after high school degree), smoking status (never, former, current smoker), physical activity (International Physical Activity Questionnaire: high,
moderate, low), energy intake without alcohol (kcal/day), alcohol intake (g/day), and diet quality (simplified Programme National Nutrition Santé—
Guidelines Score 2). Non-proportional hazard risk covariates were corrected by adding a logarithmic time interaction (educational level only)

be explained by the idiosyncratic neurological impulsivity
network, which may lead to impulsive behaviors guided
by the trait impulsivity proneness. The characteristic
impulsive neural pathway involves the prefrontal cor-
tex (high-order cognitive system), ventral striatum and
nucleus accumbens (reward-dopaminergic system), and
amygdala (emotional-limbic system) regions [50]. The
interaction between this network and impulsivity traits
drives individuals to have a great urgency to respond to
their positive and negative emotional states and a high
sensitivity to immediate rewards, combined with a lack of
prefrontal cortex capacity to restrain the need for imme-
diate gratification or to avoid negative emotions [51, 52].
Consequently, this interplay between trait and neuro-
logical impulsivity predisposes individuals to external-
ize impulsive behaviors characterized by acting without
considering the consequences of their behavior [51, 52].
These mechanisms may also explain the positive associa-
tions found between impulsivity measures and major risk
factors for type 2 diabetes such as diet quality [9], BMI
[10], insulin resistance [14], and hyperglycemia [12].
Some lifestyle behaviors, such as poor diet quality,
have been shown to increase cytokines production in
adipose tissue and liver, promoting insulin resistance
[53]. Results from the Nurses’ Health Studies, which fol-
lowed more than 200,000 participants, indicated that the
consumption of unhealthy food was associated with an

increased incidence of type 2 diabetes [54]. Trait impul-
sivity has also been shown to be inversely associated
with the adherence to healthy dietary patterns [9]. In our
analyses, the adjustment for different food-related vari-
ables did not change the directionality and significance
of the associations between impulsivity and type 2 dia-
betes incidence, but we cannot completely discard some
residual confounding effects. When BMI was included
as a covariate in the models, the association was largely
attenuated and became non-significant. Mediation analy-
ses confirmed a substantial mediating effect of BMI on
the association between trait impulsivity and type 2 dia-
betes incidence. While the indirect effect through BMI
was significant, the direct effect did not reach statistical
significance, shedding light on the observed attenuation.
Impulsivity has previously been associated with higher
odds of obesity in the NutriNet-Santé study and with
increasing BMI levels as shown by a meta-analysis [10,
55]. Adiposity has a recognized central role in the devel-
opment of type 2 diabetes as higher BMI has been shown
to induce low-grade inflammation and decrease insulin
sensitivity, increasing the risk of hyperglycemia [56]. In
addition, longitudinal studies show that negative psycho-
logical factors generally precede and predict faster rate
of weight gain rather than the opposite [57], suggesting a
unidirectional association between impulsivity and BMI
on the risk of type 2 diabetes incidence.
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Trait impulsivity . HR per 1SD
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Fig. 3 Associations between trait impulsivity subfactors and type 2 diabetes risk, NutriNet-Santé cohort, France, 2014-2023 (n=48,377).
Abbreviations: HR per 1 SD (95% Cl), hazard ratio per 1 standard deviation increment and 95% confidence interval. Cox regression analyses were
performed using hazard ratios and 95% Cl to assess associations between 1 SD increment of attention, motor, and non-planning trait impulsivity
subfactors and the risk of type 2 diabetes incidence over a median follow-up of 8 years in the NutriNet-Santé cohort. The attention impulsivity
subfactor was log10 transformed due to potential non-linear association (P=0.03). Total population (n=48,377) and type 2 diabetes incident cases
(n=556). Person-years=297,027 and incidence rate=1.87 (95% Cl: 1.72, 2.03) per 1000 person-years. Parsimonious model: adjusted for baseline
sex and age (time scale). Main model: parsimonious model + baseline education level (less than high school degree, < 2 years after high school
degree, > 2 years after high school degree), smoking status (never, former, current smoker), physical activity (International Physical Activity
Questionnaire: high, moderate, low), energy intake without alcohol (kcal/day), alcohol intake (g/day), and diet quality (simplified Programme
National Nutrition Santé—Guidelines Score 2). Non-proportional hazard risk covariates were corrected by adding a logarithmic time interaction

(educational level only)

When considering subtraits of impulsivity, we observed
that motor personality was the only subfactor consist-
ently associated with type 2 diabetes incidence in the
main models, whereas attention and non-planning
impulsivity subfactors did not show significant asso-
ciations. Impulsivity subtraits are attributable to differ-
ent cognitive control subsystems [58]. In particular, the
motor impulsivity subfactor, which involves acting with-
out thinking [7], has been found to be more strongly
associated with the activation of neural networks related
to cognitive control compared with the attention and
non-planning subfactors [58]. These neural networks
have been proposed to be key neural bases for behavioral
impulsivity [8]. Therefore, and in consideration of the fact
that personality traits are precursors of behaviors [3], the
results of the present study, which demonstrated a con-
sistent association between motor trait impulsivity and
the incidence of type 2 diabetes, could suggest that this
subfactor may be the precursor of the deleterious rela-
tionships found between behavioral impulsivity and glu-
cose-related measurements [12—-15]. When participants

with incident cases of type 2 diabetes within the first
2 years of follow-up were removed, only the motor sub-
factor remained associated with type 2 diabetes in the
main model, suggesting a strong association for this per-
sonality subfactor. It is important to consider that this
sensitivity analysis excluded around 7000 participants
and almost 50% of incident cases, which considerably
reduced the statistical power. Given that half of the cases
occurred during the first 2 years of follow-up, it is pos-
sible that reverse causation may have occurred between
impulsivity and type 2 diabetes. However, the impulsiv-
ity trait is theoretically established early in life [52] which
reduces the likelihood of such reverse causation.

The main strengths of the present analyses were the
novelty of the assessed relationships, the large population
studied, and the long period of follow-up, but some limi-
tations deserve to be mentioned. First, the observational
design did not allow to establish causal relationships.
Second, some additional residual confounding bias could
exist, although models were adjusted by several and rec-
ognized confounders and multiple sensitivity analyses
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were performed to check the robustness of the findings.
Third, trait impulsivity was a self-reported measure, but
the questionnaire employed was the most widely used
assessment of trait impulsivity and was validated for the
French population. Addressing impulsive eating more
specifically could be of great interest given that disinhib-
ited eating behavior has been positively associated with
insulin resistance [59]. Fourth, the type 2 diabetes inci-
dence rate per 1000 person-years observed in our study
(1.87) was low compared to the incidence rate (between
7.74 and 8.97 for the period 2012-2020) found in a recent
study involving more than 20 million French individu-
als [60]. The rate observed in our study may be partly
explained by the voluntary enrollment of the participants
in the NutriNet-Santé study where more women and
more participants with higher education, higher income,
and professional status are found than in the general
French population [61]. These participants may be more
likely to have high health awareness and a stronger inter-
est in nutrition which in turn is associated with a lower
risk of developing metabolic diseases. The selection bias
indicates that caution should be exercised when extrapo-
lating the results to the general population. For example,
higher impulsivity values are usually reported in men and
our population was predominantly women. However, a
sex interaction was tested and not found.

The clinical relevance of this study should be noted.
Higher levels of impulsivity have been associated with
an increase in the risk of highly prevalent disorders with
substantial public health burden such as overeating and
obesity [10], eating disorders [62], substance-related dis-
orders [50], and psychiatric conditions [51]. The present
work further extends these findings by highlighting the
increased risk of developing type 2 diabetes associated
with higher impulsivity. Emphasizing positive psycho-
logical characteristics could be potential strategies for the
primary and secondary prevention of type 2 diabetes. In
particular, mindfulness which has showed an inverse asso-
ciation with impulsivity could be beneficial [6, 63]. Addi-
tionally, the need for cognition (NFC) has been identified
as a protective psychological factor for diabetes self-man-
agement and glycemic control [64]. Reducing the inten-
sity of negative emotions in patients with type 2 diabetes
is another potential factor of interest given its mediating
effect on the relationship between trait impulsivity and
executive function [65]. It is also important to acknowl-
edge that impulsive behaviors can sometimes be strategic
responses based on individual needs or motivations and
therefore may serve adaptive purposes in certain contexts
[66]. Therefore, further research is needed to explore the
complex associations between impulsivity and chronic
diseases, considering both potential benefits and risks.

Conclusions

To conclude, trait impulsivity was associated with an
increased risk of type 2 diabetes incidence over 8 years of
follow-up in a large French cohort. Specifically, the per-
sonality subfactor of motor impulsivity was found to be
an important feature to consider for the onset of type 2
diabetes. If these results are confirmed in other popula-
tions and settings, trait impulsivity could be a promising
psychological risk factor to consider for the prevention of
type 2 diabetes.
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Glycated hemoglobin, type 2 diabetes, and poor diabetes
control are positively associated with impulsivity changes in
aged individuals with overweight or obesity and metabolic
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INTRODUCTION

an increase in impulsivity levels. This study aims to analyze associations of baseline
and time-varying glycemic status with 3-year time-varying impulsivity in older adults
at high risk of cardiovascular disease. A 3-year prospective cohort design was con-
ducted within the PREDIMED-Plus-Cognition substudy. The total population includes
487 participants (mean age = 65.2 years; female = 50.5%) with overweight or obesity
and metabolic syndrome. Insulin resistance (HOMA-IR), glycated hemoglobin (HbA1c),
presence of type 2 diabetes mellitus, and type 2 diabetes control were evaluated.
Impulsivity was measured using the Impulsive Behavior Scale questionnaire and var-
ious cognitive measurements. Impulsivity z-scores were generated to obtain Global,
Trait, and Behavioral Impulsivity domains. Linear mixed models were used to study the
longitudinal associations across baseline, 1-year, and 3-year follow-up visits. HOMA-
IR was not significantly related to impulsivity. Participants with higher HbA1c levels,
type 2 diabetes, and poor control of diabetes showed positive associations with the
Global Impulsivity domain over time, and those with higher HbA1c levels were further
related to increases in the Trait and Behavioral Impulsivity domains over the follow-up
visits. These results suggest a potential positive feedback loop between impulsivity and

glycemic-related dysregulation.

KEYWORDS
glycated hemoglobin (HbA1c), impulsivity, insulin resistance (HOMA-IR), type 2 diabetes control,
type 2 diabetes mellitus

This personality predisposition is associated with maladaptive

impulsive behaviors that increase the risk for highly prevalent dis-

Personality traits have been identified as stable characteristics that
modulate individual responses to various types of environmental
stressors.! They play a crucial role in enabling individuals to show a
spectrum of potential behaviors,2 and have been recognized as rel-
evant predictors of various health outcomes.® Impulsivity is defined
as “a predisposition toward rapid, unplanned reactions to internal or
external stimuli without regard to the negative consequences of these
reactions to the impulsive individual or to others.”* Impulsivity is a per-
sonality trait which has been shown to be more modifiable across the
lifespan than other personality traits.”> The development of impulsivity
can be influenced by genetic background and ontogenetic processes, ¢
and impulsive behaviors are manifested when individuals ultimately

engage in unplanned and rash actions.

orders and diseases with significant public health burdens, such

as overeating and obesity,”® cardiovascular disease,”10

eating
disorders,'%12 and substance-related disorders,’31* among others.
With regard to glycemic dysregulation, high glucose levels in healthy
participants have been shown to be positively associated with inatten-
tion, poor inhibitory control, and risky decision-making.1>1¢ Along this
line, it has been reported that participants with prediabetes or type
2 diabetes mellitus have higher levels of trait impulsivity compared
to healthy individuals.}”:18 These findings suggest that both high trait
and behavioral impulsivity may drive the establishment of glycemic
impairment and may lead to a poor glycemic prognosis. Indeed,
behavioral impulsivity, as assessed by higher reward sensitivity, has

been associated with poor adherence to diabetes medications and
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uncontrolled levels of glycated hemoglobin (HbA1c) levels in studies of
adolescents with type 1 diabetes and adults with type 2 diabetes.?20
Moreover, trait impulsivity has been positively associated with poor
management of type 2 diabetes and self-care in adults.?122

Conversely, it has been suggested that glycemic dysregulation, such
as higher glucose levels, may modulate impulsivity.23 For example, in
individuals with type 1 diabetes, the neural reward system—which
is related to impulsivity!*—was found to play a key role in the
observed associations between metabolic trajectories and cognitive
impulsivity.2* Along this line, the association between higher insulin
resistance and poor performance on behavioral impulsivity tasks is
mediated by the activation of impulsivity-related neural areas in indi-
viduals with type 2 diabetes and obesity.2> However, no associations
have been found between trait impulsivity and fluctuations in glu-
cose levels2627 or changes in HbA1c levels,2® or between behavioral
impulsivity and blood glucose levels.2”

Therefore, the directionality of these potential associations is con-
troversial, and new research in this field is needed using prospective
studies and clinical trials that simultaneously assess both trait and
behavioral measures of impulsivity.

The aim of the present study was to assess the associations between
insulin resistance, glycated hemoglobin, presence of type 2 diabetes
mellitus, and type 2 diabetes control with several assessments of
impulsivity across 3 years of follow-up in an older Mediterranean
population at high risk of cardiovascular disease. A positive longitu-
dinal association between poorer glycemic status and impulsivity was

hypothesized.

MATERIALS AND METHODS
Study design

An observational prospective study was conducted with the
PREDIMED-PIlus-Cognition cohort, a substudy conducted within
the PREDIMED-plus cohort. The baseline visit of the PREDIMED-
Plus study is the same as for the PREDIMED-Plus-Cognition study.
PREDIMED-Plus is a 6-year multicenter, randomized, parallel-
group clinical trial conducted in Spain with the primary aim of
evaluating the effect of lifestyle intervention on the primary pre-
vention of cardiovascular disease and mortality. Participants in
the intervention group received recommendations to increase
their adherence to an energy-reduced Mediterranean diet and
physical activity promotion. In contrast, participants in the con-
trol group only received general usual care recommendations to
follow an energy-unrestricted Mediterranean diet. Participants
were recruited between September 2013 and December 2016. The
study protocol has been described elsewhere??:30 and is available at
http://www.predimedplus.com. The trial was registered in the Interna-
tional Standard Randomized Controlled Trial registry, and details can
be found at http://www.isrctn.com/ISRCTN89898870.

Study population

Eligible participants were men aged 55-75 years and women aged
60—75 years with overweight or obesity (27 kg/m?2 > body mass
index [BMI] < 40 kg/m?) and meeting at least three criteria for
metabolic syndrome®! at baseline. Exclusion criteria have been
reported elsewhere.3® As part of the initial PREDIMED-Plus pop-
ulation (n = 6874), the current study included participants from
the PREDIMED-Plus-Cognition substudy (n = 487) recruited in four
Spanish centers: Institut Hospital del Mar d’Investigacions Médiques,
Bellvitge University Hospital, Universitat Rovira i Virgili, and Universi-
dad de Valencia. As the latter center did not perform the computerized
cognitive tests, only 417 participants were analyzed for cognitive
assessments. The participants’ flowchart and data availability are

shown in Figure S1.

Ethical standards

All participants provided written informed consent. According to the
ethical standards of the Declaration of Helsinki by the Research Ethics
Committees, all the participating institutions approved the study pro-
tocol and procedures (CEIC del Hospital de Bellvitge—University
Hospital Bellvitge-IDIBELL: PR240/13; CEIC Parc de Salut Mary IDIAP
Jordi Gol—IMIM: P113/130; CEIC Corporativo de Atencién Primaria
de la Comunitat Valenciana—University of Valencia: CEIC del Hospital
Universitari Sant Joan de Reus y IDIAB Jordi Gol—Universitat Rovira i
Virgili: 2011-005398-22; 13-07-25/7proj2).

Glycemic status

Exposures were assessed at baseline or as a time-varying variable
across the 3 years of follow-up, depending on their availability. Blood
samples were collected at baseline, 1-year, and 3-year follow-up under
fasting conditions, and biochemical analyses were performed to deter-
mine glycated hemoglobin (HbA1c) using standard laboratory methods
at baseline and across follow-up. Insulin was measured by an elec-
trochemiluminescence immunoassay using an Elecsys immunoanalyzer
(Roche Diagnostics), and the Homeostasis Model Assessment of Insulin

d3? at baseline and at 1-

Resistance (HOMA-IR) index was calculate
year follow-up. Participants with a previous diagnosis of diabetes or
use of antidiabetic medication were identified as positive cases of type
2 diabetes mellitus at baseline, as well as according to the American
Diabetes Association criteria: HbA1c >6.5% (48 mmol/mol) or having
fasting plasma glucose >136 mg/dL at both the screening and baseline
visits. Type 2 diabetes control was assessed at baseline and as time-
varying exposure across the follow-up by categorizing participants into
those having good glycemic control (HbAlc <7% or <53 mmol/mol)

and poor glycemic control (HbA1c >7% or >53 mmol/mol).33
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Covariates

Sex, age, intervention group, educational level, marital status, smoking
status, and presence of hypertension and hypercholesterolemia were
obtained from self-reported questionnaires administered by trained
PREDIMED-PIlus personnel and were assessed at baseline. Physi-
cal activity, Mediterranean diet adherence, alcohol consumption, and
presence of obesity and depressive symptomatology were assessed
as time-varying variables across time points. Weight and height were
measured to determine BMI, and the presence of obesity was defined
as BMI >30 kg/m2. Physical activity was estimated using the val-
idated Regicor Short Physical Activity Questionnaire.?* Adherence
to the Mediterranean diet was assessed using the validated 17-
point Mediterranean diet adherence screener questionnaire.3® Risk for
depressive symptomatology was assessed using the Beck Depression

Inventory-Il questionnaire.3¢

Impulsivity

Trait and behavioral impulsivity were assessed at the baseline, 1-year,
and 3-year follow-up visits.

Trait impulsivity was evaluated using the Impulsive Behavior Scale
(UPPS-P),3 validated for the Spanish population.3® The UPPS-P
assesses five personality subfactors related to impulsivity pathways:
negative urgency, (lack of) perseverance, (lack of) premeditation, sen-
sation seeking, and positive urgency. Scores for each dimension and a
total score of the UPPS-P were calculated by adding the unweighted
respective items, with higher scores indicating higher levels of impul-
sivity. Cronbach’s a values for the total score were 0.92,0.93, and 0.93
at baseline, 1-year, and 3-year of follow-up, respectively.

Behavioral impulsivity was evaluated using the commissions and
perseverations scores of the Conners’ Continuous Performance Test
(CPT) third edition,? the lowa Gambling Task (IGT),*° and the Stroop
Color and Word Test (SWCT).*! Further description of behavioral
impulsivity assessments can be found in the Supplementary Material.

Statistical analysis

The PREDIMED-Plus-Cognition database, updated in September
2021, was used for the present analyses.

To facilitate comparisons across impulsivity assessments, z-scores
were generated for each impulsivity measurement, and z-score
domains of Global, Trait, and Behavioral Impulsivity were further
obtained following specified methods.*24% More detailed informa-
tion about impulsivity z-scores can be found in the Supplementary
Methods.

Baseline participant characteristics are presented as numbers and

percentages and mean + standard deviation (SD) for qualitative and

quantitative variables, respectively. Linear mixed models were per-
formed to assess longitudinal relationships between glycemic-related
measures and impulsivity z-scores. Linear mixed models address miss-
ing data by assuming that repeated measures for each participant are
intracorrelated. These models maximize the use of all available data,
even if the data were collected at a single point in time during the
follow-up visits. Specifically, analyses were performed to assess the
associations of: (a) baseline levels of HOMA-IR and HbA1c, presence
of type 2 diabetes (no/yes), and diabetes control in participants hav-
ing type 2 diabetes (no/yes) with impulsivity z-scores as time-varying
outcomes; and (b) time-varying HOMA-IR, HbA1c, and type 2 dia-
betes control with time-varying impulsivity z-scores. The time variable
was introduced as a categorical variable in the models with an inter-
action with the respective glycemic status exposure, along with the
respective glycemic exposure and the time variables. The results were
interpreted using the baseline visit as the reference. Additionally, a p-
value for trend was estimated by conducting the same models using the
time variable as a continuous variable. Three models were fitted, and
covariates were specified in figure and table footnotes and in the Sup-
plementary Methods. Random effects were hierarchically established
by center, members sharing the same household unit, and each partic-
ipant’s response. The random slope was defined considering follow-up
periods.

We tested interactions for sex, age (<65 or >65 years; based on the
median of the population), intervention group, and presence of obesity
(no/yes) and depressive symptomatology (no/yes) in the associations
between glycemic status and the Global Impulsivity z-score by com-
paring the model with and without the interaction product using the
likelihood ratio test.

The Stata-18 software program (StataCorp) was used to perform
the statistical analyses, and significance was defined as p < 0.05.

RESULTS
Descriptive results

Table 1 shows the sociodemographic, lifestyle, and medical history
of disease characteristics of the study population at baseline (n =
487). The mean age was 65.2 + 4.7 years, and 49.5% of participants
were men. Approximately half of the population had completed pri-
mary school level education, three-quarters were married, and half
had never smoked. Almost 75% of the study population had obesity or
hypercholesterolemia, while 84.4% had hypertension and 19.9% had
depressive symptomatology. Baseline scores for trait and behavioral
measures of impulsivity are shown in Table 1. The mean and SD for
the total UPPS-P score at baseline and 1- and 3-year follow-up visits
were 108.7 + 22.7, 109.1 + 24.1, and 106.9 + 23.9, respectively. Table
S1 shows the baseline population characteristics by intervention and
control group, with no statistical differences between groups for any

assessed variable.


Carlos Gómez Martínez
Rectangle


UNIVERSNNALIS GOVHRNEW YORGATADEMY OF SCIENCES 5
Psychology and Disease: Unveliling Emerging Perspectives on Their Interplay

Carlos Gémez Martinez
TABLE 1 Baseline participant characteristics (n = 487).

TABLE 1 (Continued)

Characteristics Values Characteristics Values

General characteristics CPT Commissions 19.5+11.9

Age (years) 65.2+4.71 CPT Perseverations 0.48 +0.98

Sex (female) 246 (50.5) lowa Gambling Test 1.25+16.2

Intervention group 240 (49.3) Stroop Color Word Test -1.25+8.12

Education level Note: Data are expressed as n (%) for categorical variables and mean + SD
Primary school or less 260(53.4) for quantitative variables.

High school 142 (29.2) Abbrewatlons: BDI-!I, Beck’s Depression Inventory-Il; BMI, body ma'ss
index; CPT, Conner’s Performance Test; HbAlc, glycated hemoglobin;
College 85(17.4) HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; UPPS-P,
Marital status Impulsive Behavior Scale.
. . 2Medication for diabetes included participants taking insulin, insulin secre-
Single, divorced, separated 54(11.1) . . R . N .
tagogues, other noninsulin hypoglycemics, thiazolidinediones, metformin,
Married 382(78.4) other biguanides, sulfonylureas, alpha-glucosidase inhibitors, GLP-1 ana-
Widowed 51(10.5) logues, DPP-4 inhibitors, or SGLT2 inhibitors.
) bSee Figure S1 for data availability over time.

Smoking status ¢Good type 2 diabetes control defined as HbA1c <7% or <53 mmol/mol.
Never smoked 239 (49.1) dPoor type 2 diabetes control defined as HbA1c >7% or >53 mmol/mol.
Former smoker 189 (38.8)

Current smoker 59(12.1)

Physical activity (MET min/week) 2361+ 2036 Glycemic-related assessments and impulsivity

Alcohol intake (g/day) 8.98(11.8)

As shown in Table 2, no associations of baseline and 1-year time-

Adherence to Mediterranean diet (0—17 points) 7.77 (2.47) . . . L - X

varying HOMA-IR with 3-year time-varying impulsivity domains were

Body mass index (kg/m?) 325+341

found.

Obesity (BMI > 30 kg/m?) 354(72.7) Table 3 displays the relationships of baseline and 3-year time-

Hypercholesterolemia 357(73.3) varying HbA1c with impulsivity domains across the 3 years of follow-

Hypertension 411(84.4) up. In the fully adjusted model, baseline HbA1c levels were associated

Medication for diabetes? 121(24.85) with increases in Global Impulsivity and Trait Impulsivity at 1-year

Depressive symptomatology (BDI-Il score) 852+ 6.91 follow-up, and with increases in Behavioral Impulsivity at the 3-year

Depressive symptomatology 97(19.9) follow-up. When HbA1c was assessed as a time-varying exposure, pos-

X itive associations were observed at all the follow-up time points for

Glycemic assessments® .

Global Impulsivity (1-year follow-up: g = 0.23; 95% CI [0.05, 0.42];

HOMA-IR 559+4.01

* 3-year follow-up: §=0.25; 95% C1[0.07,0.43]) and Trait Impulsivity (1-

HbAlc (%) 6.14+084 year follow-up: g = 0.23,95% C1[0.08,0.38]; 3-year follow-up: 8 = 0.20,

HbA1c (mmol/mol) 43.6+9.15 95% CI1[0.06,0.38]). For the Behavioral Impulsivity domain, the associ-

Type 2 diabetes prevalence 148 (30.4) ation was shown only at the 3-year follow-up (8 = 0.20; 95% CI [0.02,
Good type 2 diabetes control® 78(52.7) 0.38)), although a significant positive trend across visits was found for

HbA1c (%) 6.29 +0.36 all impulsivity domains.
HbA1c (mmol/mol) 453+ 3.94 Table 4 presents the associations between type 2 diabetes at
Poor type 2 diabetes control 70(47.3) baseline and impulsivity domains across 3 years of follow-up, with par-
ticipants without diabetes as the reference. In all models, the presence
HbA1c (%) 7.84+0.96 . o . . .
of type 2 diabetes was only significantly associated with high Global
plbiginuielinel) i Impulsivity at 1-year follow-up (fully adjusted model: § = 0.36; 95% CI
. b

Impulsivity assessments [0.05, 0.67]). No relationships were found for the Trait and Behavioral

UPPS-P total score (0-236 points) 108.7 £22.7 Impulsivity domains, nor were significant trends observed over time.

UPPS-P Negative Urgency (0—48 points) 245+7.38 Table 5 shows the relationships of baseline and time-varying type 2

UPPS-P Premeditation (0—44 points) 19.8 + 5.60 diabetes control with time-varying impulsivity domains over 3 years,

UPPS-P Perseverance (0—40 points) 18.9+4.96 considering participants with good type 2 diabetes control as the ref-

UPPS-P Sensation Seeking (048 points) 223+ 605 erence. In all models, poor type 2 diabetes control at baseline was

itivel iated with Global | Isivity at 1- follow-up. |

UPPS-P Positive Urgency (0—56 points) 23.0+8.24 positively assoclated wi obal Impuisivity a year toflow=up. In

(Continues)

the fully adjusted model when type 2 diabetes control was assessed

considering the three time points, poor diabetes control was associ-
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TABLE 2 Associations of baseline and time-varying HOMA-IR with time-varying impulsivity domains.

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

HOMA-IR Model Time point Baseline Time-varying
Impulsivity Time point n B(95%Cl) p n B(95%Cl) p
Global Impulsivity 1 Year 1 0.012(-0.025,0.049) 0.531 267 0.012(-0.025,0.049) 0.517
1 Year 3 287 0.008 (-0.031,0.048) 0.681 - - -
Trait Impulsivity 1 Year 1 0.018 (-0.012,0.048) 0.234 379 0.019(-0.011,0.049) 0.205
1 Year 3 390 —0.008 (-0.040, 0.024) 0.630 - - -
Behavioral Impulsivity 1 Year 1 —0.008 (-0.042,0.026) 0.659 309 —0.006 (-0.040, 0.028) 0.734
1 Year 3 321 0.014(-0.027,0.054) 0.505 - - -
Global Impulsivity 2 Year 1 0.008 (—0.028, 0.045) 0.650 267 0.010 (—0.026, 0.046) 0.588
2 Year 3 287 0.015 (-0.024, 0.054) 0.456 - - -
Trait Impulsivity 2 Year 1 0.014 (-0.015, 0.044) 0.343 379 0.015 (-0.015, 0.045) 0.337
2 Year 3 390 —0.010(-0.042,0.022) 0.553 - - -
Behavioral Impulsivity 2 Year 1 —0.011(—0.044,0.023) 0.539 309 —0.009 (-0.042,0.025) 0.611
2 Year 3 321 0.018 (-0.023,0.058) 0.386 - - -
Global Impulsivity 3 Year 1 0.001 (—0.038,0.041) 0.945 263 0.007 (—0.033,0.046) 0.744
3 Year 3 284 0.011(-0.029,0.050) 0.590 - - -
Trait Impulsivity 3 Year 1 0.011(-0.020, 0.043) 0.477 374 0.013(-0.019,0.044) 0.437
3 Year 3 386 —0.012 (-0.044, 0.020) 0.450 - - -
Behavioral Impulsivity 3 Year 1 —-0.020(-0.057,0.016) 0.274 308 -0.017 (-0.052,0.019) 0.368
3 Year 3 320 0.017 (-0.024,0.058) 0.407 - - -

Note: Linear mixed models were performed using beta coefficients and 95% Cl to assess the associations of baseline and time-varying linear HOMA-IR levels
with time-varying linear impulsivity domains. Time-varying assessments only include data between baseline and 1-year follow-up due to HOMA-IR data not
being available at the 3-year follow-up. Model 1: adjusted by sex, age (years), and intervention group at baseline. Model 2: further adjusted by educational
level (primary school; secondary school; college), marital status (single, divorced, or separated; married; widowed), smoking status (smoker; former smoker;
never smoked), hypertension (no/yes) and hypercholesterolemia (no/yes) at baseline, and physical activity (MET min/week), 17-point Mediterranean diet
(score), alcohol intake (g/day), obesity (no/yes), and use of diabetes medication (no, yes) as time-varying variables. Model 3: further adjusted by depressive
symptomatology (no/yes) as time-varying variable. Random effects were hierarchically established by center, members sharing the same household unit, and
participants’ responses. The random slope was determined at baseline and 1-year follow-up. The p for trend was estimated using the time variable as a linear
variable instead of a categorical variable. Participants taking an insulin treatment were excluded for HOMA-IR analysis (n = 10).

ated with higher Global Impulsivity levels at each time point (1-year
follow-up: B = 0.95, 95% CI [0.27, 1.62]; 3-year follow-up: § = 0.61,
95% CI [0.05, 1.17]) and higher Trait Impulsivity at the third year of
follow-up (8 = 0.49; 95% C1[0.01, 0.97]), and a positive trend was also
observed for the Trait Impulsivity domain (p = 0.041). No other asso-
ciations were found between type 2 diabetes control and impulsivity
domains.

Figure 1 shows graphically the association of baseline HOMA-IR,
baseline presence of type 2 diabetes mellitus, 3-year time-varying
HbA1c, and 3-year time-varying diabetes control with Global Impulsiv-
ity across the 3-year follow-up period.

Specific relationships of HOMA-IR, HbA1c, presence of type 2 dia-
betes, and control of type 2 diabetes with trait impulsivity subfactors
and each impulsivity-related behavioral assessment are shown in Table
S2, Table S3, Table S4, and Table S5, respectively.

No interactions with age, sex, intervention group, and presence of
obesity or depressive symptomatology were found in the analyses per-
formed for HOMA-IR, HbA1c, and type 2 diabetes with the Global
Impulsivity z-score in any of the models evaluated.

DISCUSSION

To the best of our knowledge, this is the first study examining the asso-
ciations of HOMA-IR, HbA1c, type 2 diabetes mellitus, and diabetes
control with impulsivity over 3 years of follow-up, further assessing
glucose-related exposures at baseline and as time-varying variables
and also controlling for several potential confounding factors. The main
findings of the present study indicated that a worse glycemic status
at baseline (assessed by HbA1c levels, presence of type 2 diabetes,
and poor type 2 diabetes control) was associated with increases in
the Global Impulsivity domain at 1-year follow-up. In addition, when
considering exposures as time-varying factors across the 3 years of
follow-up, the progression to a worse glycemic status (assessed by
HbA1c and poor type 2 diabetes control) was associated with higher
Global Impulsivity at each time point, compared to the baseline visit.
Insulin resistance, as measured by HOMA-IR, showed no relationships
with impulsivity z-scores.

Impulsivity is considered a personality trait characterized by a pre-
disposition to act quickly and without forethought. It is established
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TABLE 3 Associations of baseline and time-varying HbA1c with time-varying impulsivity domains.

HbA1c Model Time point Baseline Time-varying
Impulsivity Time point n B(95% Cl) p n B(95% Cl) p
Global Impulsivity 1 Year 1 0.275(0.120,0.129) 0.001 0.262(0.075,0.449) 0.004

1 Year 3 342 0.082(-0.087,0.252) 0.341 344 0.134(-0.036,0.303) 0.123
Trait Impulsivity 1 Year 1 0.228(0.102,0.354) <0.001 0.237(0.092,0.382) 0.001

1 Year 3 445 0.054 (-0.082,0.189) 0.438 461 0.152(0.013,0.291) 0.032
Behavioral Impulsivity 1 Year 1 0.028(-0.111,0.166) 0.697 0.025(-0.138,0.188) 0.761

1 Year 3 380 0.120(-0.042,0.282) 0.146 382 0.104 (-0.062,0.271) 0.218
Global Impulsivity 2 Year 1 0.272(0.117,0.427) 0.001 0.236 (0.050, 0.423) 0.013

2 Year 3 342 0.089 (-0.079,0.257) 0.298 344 0.157 (-0.015,0.238) 0.073
Trait Impulsivity 2 Year 1 0.226(0.100,0.352) <0.001 0.220(0.074,0.366) 0.003

2 Year 3 445 0.054 (-0.081,0.188) 0.435 461 0.163(0.023,0.302) 0.022*
Behavioral Impulsivity 2 Year 1 0.041 (-0.098, 0.180) 0.563 0.043(-0.121,0.207) 0.607

2 Year 3 380 0.139 (-0.022,0.300) 0.090 382 0.137 (-0.031, 0.304) 0.110
Global Impulsivity 3 Year 1 0.270(0.115,0.425) 0.001 0.231(0.045,0.418) 0.015

3 Year 3 339 0.133(-0.039,0.305) 0.131 341 0.253(0.072,0.434) 0.006 **
Trait Impulsivity 3 Year 1 0.238(0.112,0.365) <0.001 0.230(0.082,0.378) 0.002

3 Year 3 441 0.073(-0.062,0.207) 0.288 457 0.197(0.056,0.338) 0.006 **
Behavioral Impulsivity 3 Year 1 0.049 (-0.093,0.191) 0.496 0.052(-0.115,0.218) 0.543

3 Year 3 379 0.167(0.003,0.332) 0.046 381 0.198(0.021,0.375) 0.028*

Note: Linear mixed models were performed using beta coefficients and 95% Cl to assess the associations of baseline and time-varying linear HbA1c levels with
time-varying linear impulsivity domains. Model 1: adjusted by sex, age (years), and intervention group at baseline. Model 2: further adjusted by educational
level (primary school; secondary school; college), marital status (single, divorced, or separated; married; widowed), smoking status (smoker; former smoker;
never smoked), hypertension (no/yes) and hypercholesterolemia (no/yes) at baseline, and physical activity (MET min/week), 17-point Mediterranean diet
(score), alcohol intake (g/day), obesity (no/yes), and use of diabetes medication (no, yes) as time-varying variables. Model 3: further adjusted by depressive
symptomatology (no/yes) as time-varying variable. Random effects were hierarchically established by center, members sharing the same household unit, and
participants’ responses. The random slope was determined at baseline, 1-year follow-up, and 3-year follow-up. The p for trend was estimated using the time

variable as a linear variable instead of a categorical variable.
*p for trend <0.05; **p for trend <0.01.

before adulthood, and remains relatively stable over time, though
showing more variability compared to other personality traits. Behav-
ioral impulsivity is observed if this predisposition results in actions with
a lack of premeditation and is guided by emotional urges.>3”#4 There-
fore, an impulsive predisposition to interact with the environment can
result in impulsive behaviors that may lead to the establishment of a
worse glycemic status. Indeed, some studies have shown that impulsiv-
ity promotes hyperglycemia and poor diabetes control’-22 as well as
increases cardiometabolic risk.”1° However, a key aspect that needs
to be further explored is whether these metabolic impairments might
subsequently also lead to an increase in impulsivity levels, potentially
inducing a positive feedback loop between impulsivity and poorer
glycemic status.

Impulsivity  covers many psychological and  cognitive
characteristics.***> Therefore, assessing several specific trait and
behavioral impulsivity features in order to obtain Global, Trait,
and Behavioral Impulsivity domains that average directionalities
in composite z-scores provides a new and more comprehensive
approach for assessing the extensive nature of impulsivity. In fact,

in the meta-analysis of Sharma and colleagues, it was hypothe-

sized that trait and behavioral impulsivity composites would predict
important life outcomes much more strongly than either type of
measure alone.** As no previous studies have reported relation-
ships between glycemic parameters and impulsivity composites,
our study addresses this gap in the literature by exploring these
associations.

Insulin receptors are widespread throughout the brain.*¢ They have
been shown to be present in neural regions such as the hypothalamus,
the mesolimbic pathway that regulates dopamine release to prefrontal
areas, and the ventromedial prefrontal, insular, and orbitofrontal cor-
tices, which are regions that have been identified as having impulsivity-
related functions regulating the interpretation of emotions, percep-
tual integration, decision-making, and motor control.*”~4? Therefore,
insulin sensitivity appears to be associated with neural pathways
related to impulsivity, but limited research evaluating these associ-
ations using questionnaires or cognitive tasks assessing impulsivity
in adult or older individuals was found. In our study, both baseline
and time-varying HOMA-IR at 1-year follow-up showed no association
with Global, Trait, or Behavioral Impulsivity domains over time, neither
with specific impulsivity traits nor with behavioral assessments. This
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ABLE 4 Associations of baseline type 2 diabetes prevalence with time-varying impulsivity domains.

Presence of type 2 diabetes Model Time point
Impulsivity Time point
Global Impulsivity 1 Year 1

1 Year 3
Trait Impulsivity 1 Year 1

1 Year 3
Behavioral Impulsivity 1 Year 1

1 Year 3
Global Impulsivity 2 Year 1

2 Year 3
Trait Impulsivity 2 Year 1

2 Year 3
Behavioral Impulsivity 2 Year 1

2 Year 3
Global Impulsivity 3 Year 1

3 Year 3
Trait Impulsivity 3 Year 1

3 Year 3
Behavioral Impulsivity 3 Year 1

3 Year 3

Baseline
n B(95% Cl) p
0.373(0.064,0.682) 0.018
344 0.243(-0.088,0.574) 0.150
0.220(-0.019,0.459) 0.072
462 —0.025(-0.276,0.226) 0.845
0.183(-0.086,0.453) 0.183
382 0.264 (-0.054,0.582) 0.104
0.384(0.074,0.696) 0.015
344 0.232(-0.093,0.558) 0.162
0.213(-0.028,0.455) 0.084
462 —0.030(-0.279,0.219) 0.811
0.202 (—0.068,0.473) 0.202
382 0.268 (-0.047,0.583) 0.096
0.361(0.051,0.670) 0.022
341 0.260(-0.070,0.591) 0.122
0.229(-0.017,0.174) 0.068
458 —-0.010(-0.256,0.237) 0.940
0.211(-0.065,0.487) 0.136
381 0.281(-0.041,0.604) 0.087

Note: Linear mixed models were performed using beta coefficients and 95% Cl to assess the associations of baseline type 2 diabetes prevalence (“no preva-
lence” as the reference category) with time-varying linear impulsivity domains. Model 1: adjusted by sex, age (years), and intervention group at baseline.
Model 2: further adjusted by educational level (primary school; secondary school; college), marital status (single, divorced, or separated; married; widowed),
smoking status (smoker; former smoker; never smoked), hypertension (no/yes) and hypercholesterolemia (no/yes) at baseline, and physical activity (MET
min/week), 17-point Mediterranean diet (score), alcohol intake (g/day), obesity (no/yes), and use of diabetes medication (no, yes) as time-varying variables.
Model 3: further adjusted by depressive symptomatology (no/yes) as time-varying variable. Random effects were hierarchically established by center, mem-
bers sharing the same household unit, and participants’ responses. The random slope was determined at baseline, 1-year follow-up, and 3-year follow-up. The
p for trend was estimated using the time variable as a linear variable instead of a categorical variable.

apparent discrepancy in our results relative to previous studies may be
explained by the duration of the study and the assessment of impul-
sivity: in our study, we used a long observational follow-up period to
assess specific trait and behavioral measures of impulsivity, whereas
previous work had assessed impulsivity using neuroimaging techniques
or intranasal insulin administration over immediate or short periods of
time.2547-49

In the present study, it was shown that baseline and changes of
HbA1c levels were positively associated with changes in the Global
Impulsivity domain, suggesting an overall effect of HbA1c on impul-
sivity. Regarding trait impulsivity, baseline and changes of HbAlc
levels were also associated with increases in the Trait Impulsivity
domain. Moreover, positive relationships were found between HbA1c
levels and all impulsivity-related personality subfactors as assessed
by a lack of premeditation and perseveration, sensation seeking, and
positive and negative emotional urgency. Glucose impairments may
influence trait impulsivity through hypothalamic brain areas. Hypotha-
lamic regions have been identified as a major neural integration center
of personality traits, as both are involved in hormonal regulation that
affects mental function, shapes the individual’s perception and inte-
gration of environmental stimuli, and ultimately determines how the

individual will behave.>-52 Specifically, impulsivity has been linked
to the ventromedial hypothalamic-melatonin circuit, as upregulation
or downregulation of melatonin increases impulsivity in rats,”>>* and
fluctuations in blood glucose levels have been linked to the ventrome-
dial hypothalamic region.>> Therefore, we hypothesize that high glu-
cose levels may increase trait impulsivity through this hypothalamic-
melatonin pathway. However, other potential unknown mechanisms
cannot be disregarded. Regarding behavioral impulsivity, higher HbA1c
levels were associated with CPT-Commissions and IGT z-scores over
time, indicating attention deficits and risky decision-making, respec-
tively. Nevertheless, when attention, decision-making, impulse control
(CPT-Perseverance), and cognitive inhibition (SCWT) functions were
estimated as a composite of behavioral impulsivity, a convergence
of directionalities and magnitudes resulted in a positive association
between baseline and changes of HbA1lc levels and changes in the
Behavioral Impulsivity domain over 3 years of follow-up. Our findings
may be explained by previous results showing that increases in HbAlc
were associated with poorer cognitive performance over short and
long periods of time,*2°¢ which may promote higher levels of behav-
joral impulsivity® via deleterious endothelial function and oxidative
stress in brain cells.””>8
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TABLE 5 Associations of baseline and time-varying type 2 diabetes control with time-varying impulsivity domains.

Poor type 2 diabetes control Model Time point Baseline Time-varying
Impulsivity Time point n B(95% Cl) p n B(95%Cl) p
Global Impulsivity 1 Year 1 0.601(0.059,1.143) 0.030 0.850(0.179, 1.521) 0.013
1 Year 3 84 —0.329 (-0.904,0.247) 0.263 85 0.228 (-0.425,0.881) 0.494
Trait Impulsivity 1 Year 1 0.418 (-0.070, 0.907) 0.093 0.064 (-0.490,0.617) 0.822
1 Year 3 129 0.088 (-0.328,0.503) 0.679 139 0.287(-0.192,0.766) 0.240
Behavioral Impulsivity 1 Year 1 0.127 (-0.335,0.590) 0.589 0.250(-0.298,0.798) 0.371
1 Year 3 97 0.103 (—0.480, 0.687) 0.728 98 0.122(-0.496,0.740) 0.699
Global Impulsivity 2 Year 1 0.776 (0.241, 1.310) 0.004 1.029(0.353, 1.705) 0.003
2 Year 3 84 —0.014 (-0.252,0.496) 0.956 85 0.436 (-0.154, 1.026) 0.148
Trait Impulsivity 2 Year 1 0.475 (-0.001,0.952) 0.051 0.218(-0.327,0.763) 0.433
2 Year 3 129 0.134 (-0.280, 0.548) 0.525 139 0.398 (—0.083, 0.880) 0.105
Behavioral Impulsivity 2 Year 1 0.211(-0.252,0.675) 0.352 0.369(-0.191,0.928) 0.183
2 Year 3 97 0.186 (-0.355,0.727) 0.501 98 0.207 (-0.374,0.788) 0.484
Global Impulsivity 3 Year 1 0.754(0.229,1.278) 0.010 0.947(0.274,1.620) 0.011
3 Year 3 84 0.089 (-0.409,0.587) 0.727 85 0.611(0.047,1.174) 0.034
Trait Impulsivity 3 Year 1 0.464(-0.011,0.940) 0.056 0.190(-0.360, 0.740) 0.679
3 Year 3 129 0.178 (-0.239,0.596) 0.403 139 0.488 (0.009,0.966) 0.046*
Behavioral Impulsivity 3 Year 1 0.200 (-0.265, 0.665) 0.399 0.356 (-0.208,0.919) 0.216
3 Year 3 97 0.257(-0.308,0.822) 0.373 98 0.298 (-0.302,0.899) 0.330

Note: Linear mixed models were performed using beta coefficients and 95% Cl to assess the associations of baseline and time-varying type 2 diabetes control
(“good control” as the reference category and defined as HbA1c <7% and “poor control” defined as HbA1c >7%) with time-varying linear impulsivity domains.
Model 1: adjusted by sex, age (years), and intervention group at baseline. Model 2: further adjusted by educational level (primary school; secondary school;
college), marital status (single, divorced, or separated; married; widowed), smoking status (smoker; former smoker; never smoked), hypertension (no/yes)
and hypercholesterolemia (no/yes) at baseline, and physical activity (MET min/week), 17-point Mediterranean diet (score), alcohol intake (g/day), obesity
(no/yes), and use of diabetes medication (no, yes) as time-varying variables. Model 3: further adjusted by depressive symptomatology (no/yes) as time-varying
variable. Random effects were hierarchically established by center, members sharing the same household unit, and participants’ responses. The random slope
was determined at baseline, 1-year follow-up, and 3-year follow-up. The p for trend was estimated using the time variable as a linear variable instead of a

categorical variable.
*p for trend <0.05.

In the current study, participants with type 2 diabetes or with a
poor control of this chronic disease at baseline presented with higher
Global Impulsivity levels at 1-year follow-up. When type 2 diabetes
control was assessed using information across visits, participants with
poor control had significant increases in Global Impulsivity at all time
points, and in Trait Impulsivity at the third year of follow-up as well
as a positive trend in this domain over the 3 years of follow-up. In
an earlier cross-sectional study, 18 participants with type 2 diabetes
showed poorer decision-making and decreased activation in the pre-
frontal areas related to this cognitive impulsivity function compared to
healthy controls.’? Other cross-sectional studies found elevated trait
and behavioral impulsivity-related features in individuals with type
2 diabetes,?® as well as inverse cross-sectional associations between
trait impulsivity and diabetes self-care behaviors?! and diabetes con-
trol (as assessed by HbA1c levels).?2 In line with this, relationships
between poor diabetes control and higher behavioral impulsivity have
also beenreported.’®1? Nevertheless, a lack of studies evaluating asso-
ciations between type 2 diabetes (compared to healthy controls) and
impulsivity exists, and to the best of our understanding, the current

work is the first in evaluating longitudinal associations between type
2 diabetes or its control with impulsivity assessments. In addition, our
results showed that the unique impulsivity domain associated with
both conditions, the presence of type 2 diabetes and a poor control of
this disease, was the Global Impulsivity domain. These results suggest
that type 2 diabetes and a poor control of this metabolic condition are
associated with a broader construct of impulsivity-related functions,
also extending the scientific evidence in this field from cross-sectional
to longitudinal findings in a Mediterranean population at high risk of
cardiovascular disease.

The present study also showed that when glycemic status was
assessed using baseline data only, there were more significant results
for impulsivity at the 1-year follow-up compared with the 3-year
follow-up. This may be partially explained by the active interventions
in both arms of the PREDIMED-Plus clinical trial, which attempted
to improve the health status of participants with the assistance
of healthcare professionals. The effect of the interventions is usu-
ally greater in the early stages of clinical trials than in the sub-
sequent years,®® as was also found for body composition in the
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FIGURE 1

Longitudinal associations of baseline HOMA-IR, baseline type 2 diabetes, time-varying HbA1c, and time-varying diabetes control

with Global Impulsivity. (A) Insulin resistance measured by HOMA-IR levels. (B) Presence of type 2 diabetes mellitus (no/yes). (C) Glycated
hemoglobin (HbA1c) levels. (D) Type 2 diabetes control (good [as the reference category and defined as HbA1c <7%]/poor [defined as HbA1c
>7%])). Linear mixed models were performed using beta coefficients and 95% Cl to assess the longitudinal associations between glycemic-related
factors and the Global Impulsivity domain over the 3 years of follow-up. The model was adjusted by sex, age (years), intervention group,
educational level (primary school; secondary school; college), marital status (single, divorced, or separated; married; widowed), smoking status
(smoker; former smoker; never smoked), hypertension (no/yes), and hypercholesterolemia (no/yes) at baseline, while physical activity (MET
min/week), 17-point Mediterranean diet (score), alcohol intake (g/day), obesity (no/yes), diabetes medications (no/yes), and depressive
symptomatology (no/yes) as time-varying variables. Random effects were hierarchically established by center, members sharing the same
household unit, and participants’ responses. The random slope was determined at baseline, 1-year follow-up, and 3-year follow-up.

PREDIMED-Plus study,®! suggesting that important psychosocial
and motivational characteristics associated with the interventions
may play a crucial role. For these reasons, the present analy-
ses were conducted assessing exposures, outcomes, and relevant
intervention-related components (Mediterranean diet adherence,
physical activity, and obesity) and psychological (depressive symp-
tomatology) covariates as time-varying variables. This approach
attempted to mitigate these potential confounding effects of the
intervention in the studied associations and strengthen the valid-
ity of the results examined. It is important to highlight that com-
pared to the first linear mixed model that included only mini-
mally adjusted confounders, the model with the addition of depres-
sive symptomatology had a greater impact on the coefficients in
many of the associations examined than the model that included a
greater number of covariates such as sociodemographics, lifestyle,
and history of disease. This finding may highlight the importance
of assessing psychological status as a possible bias factor in future
research investigating the relationship between glycemic status
and impulsivity, as has been noted in previous studies without an
intervention.2-22

Our study has some limitations and strengths. First, the observa-
tional design of our study does not allow to establish cause-effect rela-
tionships. Nevertheless, the present study discusses possible mecha-

nisms for a potential positive feedback loop between impulsivity and

a worse glycemic status, also based on the bidirectional mind-heart-
body framework.6? Second, as our study was conducted in a senior
Mediterranean population with metabolic syndrome, our results can-
not directly be extrapolated to other populations. As strengths, the cur-
rent study was conducted in a relatively large cohort and presents the
first longitudinal results assessing the relationships between glycemic
status (assessed by biomarkers) and impulsivity. Finally, we broadly
measured the various facets of impulsivity, covering its comprehensive

nature.

CONCLUSION

In conclusion, participants with higher HbA1c levels, presence of type
2 diabetes, and with poor type 2 diabetes control were longitudi-
nally associated with increases in overall impulsivity, as assessed by a
composite of trait and behavioral impulsivity-related measures. Fur-
thermore, this study contributes to the existing literature on the
relationship between impulsivity and glycemic status by suggesting a
novel perspective: the existence of a positive feedback loop between
impulsivity and glycemic dysregulation. This new perspective allows for
a better understanding of the aforementioned relationships and not
only emphasizes the need to assess impulsivity for type 2 diabetes pre-

vention, but also highlights that the onset of metabolic dysregulation
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promotes new problems driven by additional increases in impulsiv-
ity. Nevertheless, additional longitudinal prospective cohort studies
and clinical trials are warranted in the future to better understand
cause-effect relationships and to explore whether interventions aimed
at improving glycemic status could reduce impulsivity levels, thereby
further promoting positive health benefits.
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Introduction: Type 2 diabetes has been linked to greater cognitive decline, but other
glycemic parameters such as prediabetes, diabetes control and treatment, and HOMA-IR
and HbA. diabetes-related biomarkers have shown inconsistent results. Furthermore,
there is limited research assessing these relationships in short-term studies. Thus, we
aimed to examine 2-year associations between baseline diabetes/glycemic status and
changes in cognitive function in older participants at high risk of cardiovascular disease.

Methods: We conducted a 2-year prospective cohort study (n=6,874) within the
framework of the PREDIMED-Plus study. The participants (with overweight/obesity and
metabolic syndrome; mean age 64.9 years; 48.5% women) completed a battery of 8
cognitive tests, and a global cognitive function Z-score (GCF) was estimated. At baseline,
participants were categorized by diabetes status (no-diabetes, prediabetes, and <5 or >5-
year diabetes duration), and also by diabetes control. Furthermore, insulin resistance
(HOMA-IR) and glycated hemoglobin (HbA:c) levels were measured, and antidiabetic
medications were recorded. Linear and logistic regression models, adjusted by potential
confounders, were fitted to assess associations between glycemic status and changes in
cognitive function.

Results: Prediabetes status was unrelated to cognitive decline. However, compared to
participants without diabetes, those with >5-year diabetes duration had greater reductions in
GCF (B=-0.11 (95%CI -0.16;-0.06)], as well as in processing speed and executive function
measurements. Inverse associations were observed between baseline HOMA-IR and
changes in GCF [3=-0.0094 (95%ClI -0.0164;-0.0023)], but also between HbA. levels and
changes in GCF [B=-0.0085 (95%CI -0.0115, -0.0055)], the Mini-Mental State Examination,
and other executive function tests. Poor diabetes control was inversely associated with
phonologic fluency. The use of insulin treatment was inversely related to cognitive function as
measured by the GCF [B=-0.31 (95%ClI -0.44, -0.18)], and other cognitive tests.

Conclusions: Insulin resistance, diabetes status, longer diabetes duration, poor glycemic
control, and insulin treatment were associated with worsening cognitive function changes
in the short term in a population at high cardiovascular risk.
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INTRODUCTION

Type 2 diabetes is an important public health problem
worldwide. In 2019, the International Diabetes Federation
estimated that ~463 million people were living with diabetes
(and 374 million had prediabetes), of whom one-third were >65
years old, and this figure is expected to rise to 700 million by
2045 (1). Diabetes mellitus is not only among the top 10 causes of
death worldwide (2), but is also a risk factor for blindness, renal
failure, and lower limb amputation, overall decreasing quality of
life (2). As well, over 50 million people worldwide live with
dementia, a form of cognitive impairment, and this number is
expected to triple by 2050 (3). Cognitive impairment,
characterized by loss of memory, concentration and reduced
ability to learn new things, affecting everyday life, is relatively
common and is a costly condition for the health system (3).

Meta-analyses and longitudinal studies of population-based
cohorts have shown an increased risk of cognitive dysfunction in
people with metabolic syndrome, prediabetes and diabetes (4-6).
Specifically, type 2 diabetes has been related to deficits in
different cognitive domains (7) and to accelerated cognitive
decline, especially in psychomotor speed, memory and
executive functions (8). However, some prospective studies
have failed to confirm these associations (9, 10). Also, the
relationship between cognitive decline and metabolic
syndrome, prediabetes, insulin resistance and glycemic control
is less well understood (4, 6, 11). Therefore, more studies are
warranted to determine if glycemic dysregulations before
diabetes onset may affect cognition in order to establish early
strategies of prevention-focused on these populations.

Risk factors for cognitive decline when type 2 diabetes has
been already established are also of great interest because
consideration of these could help screen individuals with
diabetes who may particularly benefit from intensive and
suitable treatment strategies. The risk of accelerated cognitive
decline in type 2 diabetes has been reported by some studies to be
dependent on both disease duration and glycemic control (5, 12).
Glucose-lowering treatments have also been related to cognitive
function in a few epidemiologic studies with moderate-quality
evidence (6, 13). Therefore, more studies are required to increase
the strength of the evidence for these associations.

Furthermore, there is a gap in the research relating to shorter
follow-up studies assessing the aforementioned relationships.

Abbreviations: BMI, Body Mass Index; CDT, Clock Drawing Test; DST-b, Digit
Span Test backward section; DST-f, Digit Span Test forward section; GCF, Global
Cognitive Function; HbA |, glycated hemoglobin; HOMA-IR, Homeostasis Model
Assessment of Insulin Resistance; IDDP-4, dipeptidyl peptidase-4 inhibitors;
MMSE, Mini-Mental State Examination; TMT-A, Trail Making Test A section;
TMT-B, Trail Making Test B section; VFT-a, verbal Fluency Test animals
category; VFT-p, Verbal Fluency Test letter p category.

Majority of the research to date has been conducted with
medium to long-term duration (from 4 to more years of
follow-up) (5, 9). The PREDIMED-Plus study offers an
unprecedented opportunity to evaluate cognitive changes,
using a battery of cognitive tests, and several measurements of
glycemic status in a large population at high cardiovascular
disease risk in the shorter term (2 years).

The objectives of the present study were to examine
longitudinal associations between glycemic status (diabetes
status, control/treatment, and related biomarkers) and
cognitive decline and impairment. We hypothesized that
glycemic dysregulations would be negatively associated with
changes in cognitive function.

MATERIALS AND METHODS

The present study is based on an observational prospective cohort
design conducted within the framework of the PREDIMED-Plus
study using 2 years offollow-up data. The PREDIMED-Plus study is
amulticenter, randomized, parallel-group clinical trial conducted in
Spain for primary cardiovascular disease prevention. Participants
were randomized to an intensive weight loss intervention program
based on an energy-restricted traditional Mediterranean diet,
physical activity promotion and behavioral support (intervention
group) or usual care consisting of general recommendations to
follow an energy-unrestricted Mediterranean diet (control group).
The study protocol has been described extensively elsewhere (14)
and can be found at http://www.predimedplus.com. The trial was
registered in 2014 at the International Standard Randomized
Controlled Trial (http://www.isrctn.com/ISRCTN89898870).

Study Population

Eligible participants were community-dwelling adults (55-75
years) with overweight/obesity (27< BMI <40 kg/m®) who met
at least three criteria of metabolic syndrome (15). Exclusion
criteria are reported elsewhere (14).

Participant recruitment was conducted between October 2013
and December 2016 in 23 Spanish health centers. A total of 6,874
candidates met eligibility criteria and were randomly allocated in a
1:1 ratio to the intervention or control groups, using a centrally
controlled, computer-generated random-number internet-based
system with stratification by center, sex, and age. Couples sharing
the same household were randomized together, using the couple as
unit of randomization. The flow-chart of the studied PREDIMED-
Plus population is shown in Supplementary Figure 1.

All participants provided written informed consent, and the
study protocol and procedures were approved by all the ethical
committees of all participating institutions.
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Diabetes Status and Glycemic
Measurements

At baseline fasting blood samples were collected and biochemical
analyses were performed to determine fasting plasma glucose and
glycated hemoglobin (HbA,.) by routine laboratory methods.
Insulin was centrally measured by an electrochemiluminescence
immunoassay using an Elecsys immunoanalyzer (Roche
Diagnostics, Meylan, France). Insulin resistance was estimated at
baseline using the Homeostasis Model Assessment of Insulin
Resistance (HOMA-IR) index (16).

Prediabetes and diabetes were defined following the
American Diabetes Association criteria (17). Diabetes was
defined as a previous diagnosis of diabetes, HbA,. =48 mmol/
mol (6.5%), use of antidiabetic medication, or having fasting
plasma glucose >126 mg/dl in both the screening and baseline
visits. Self-reported diabetes duration was categorized in <5-year
and >5-year diabetes duration. Prediabetes status was defined as
HbA, . being between 39 mmol/mol (5.7%) and 46 mmol/mol
(6.4%), or having fasting plasma glucose between >100 mg/dl
and <125 mg/dl. Participants who did not meet any of these
parameters were categorized into the no-diabetes category.
Furthermore, we categorized diabetes status in participants
with diabetes (participants with <5-year and >5-year diabetes
duration) and no-diabetes (participants with prediabetes and
no-diabetes).

Glycated hemoglobin was used to categorize participants into
those having “good” or “poor” diabetic control [HbA; . <57 mmol/
mol or =57 mmol/mol (7.4%)], respectively (17). Diabetes
treatment was assessed at baseline using self-reported data on
insulin, sulfonylureas, metformin or dipeptidyl peptidase-4
inhibitors (IDPP-4) use.

Covariates

Covariates were evaluated at baseline by trained staff in a face-to-
face interview using self-reported general questionnaires on
socio-demographics (sex, age, level of education, and civil
status), lifestyle (alcohol intake, smoking habits, physical
activity, and Mediterranean diet adherence), and disease
history. Baseline anthropometric variables (weight and height)
were determined to estimate body mass index (BMI). Adherence
to an energy-reduced Mediterranean diet was assessed using a
17-point diet score, adapted from a previously validated one (18).
Leisure-time physical activity was estimated using a validated
short version of the Minnesota Leisure-Time Physical Activity
Questionnaire (19, 20). The depressive status risk was evaluated
using the Beck Depression Inventory-II (21).

Neuropsychological Assessment

A battery of 8 cognitive tests was administered at baseline and 2
years of follow-up by trained staff. The tests performed, Mini-
Mental State Examination (MMSE), Clock Drawing Test (CDT),
Digit Span Test forward (DST-f) and backward (DST-b) section,
Verbal Fluency Test animals (VFT-a) and “p” (VFT-p) version,
and Trail Making Test part A (TMT-A) and B (TMT-B) are

described in Supplementary Material 1.

Statistical Analyses

We used the December 2020 PREDIMED-Plus database.
Descriptive variables are reported as means and standard
deviation (SD) for continuous variables or numbers and
percentages (%) for qualitative variables. Differences between
diabetes status and baseline characteristics were examined using
chi-square and one-way ANOVA, for qualitative and
quantitative variables, respectively.

For longitudinal analysis, linear and logistic regression models
were used, including only participants with complete cognitive
data at baseline and 2 years of follow-up for each cognitive test
analyzed. To facilitate comparisons across cognitive tests, Z-scores
were generated for each cognitive score at baseline and after
2 years using the mean and SD of baseline data, as previously
reported (5, 12). A global cognitive function Z-score (GCF) was
obtained averaging all cognitive Z-scores at each time point,
standardizing by the mean and SD of cognitive Z-scores at baseline.

Using linear regression analyses we examined the associations
between baseline status and 2-year changes in cognitive Z-scores
in relation to: a) HOMA-IR levels; b) diabetes status, no diabetes
being the reference group; ¢) HbA, . levels; d) glycemic control
measured by HbA; in participants with diabetes, good glycemic
control being the reference group; e) diabetes treatment in
participants with diabetes, no treatment being the reference
group. Two models were fitted to adjust linear and logistic
regression analyses. Model 1 was adjusted for baseline sex, age
(years), intervention group, and center size (with <250; 250-300,
300-400; >400 randomized participants). Model 2 was
additionally adjusted for baseline education level (primary
school; high school; college), civil status (single, divorced or
separated; married; widower), physical activity (MET min/week),
smoking habits (smoker; former smoker; never smoker), alcohol
intake (g/day), 17-point Mediterranean diet score, BMI (kg/mz),
hypertension (yes/no), hypercholesterolemia (yes/no), and
depression (yes/no). Furthermore, Model 3 was fitted
exclusively for antidiabetic treatments to further adjust for
baseline diabetes control (good/poor) and diabetes duration
(<5-year diabetes duration/>5-year diabetes duration).

Logistic regression analyses were used to estimate odds ratios
(OR) and 95% confidence intervals (95% CI), examining the 2-year
risk for cognitive impairment in participants with normal cognitive
performance at baseline by diabetes status, with no diabetes being
the reference group. Cognitive function cut-offs were defined by the
dichotomization of neuropsychological assessments at the
respective visits. Cognitive impairment was defined as GCF <10
percentile, MMSE <24 punctuation, CDT <4 punctuation, and
VFT-a, VFT-p, DST-d, DST-b < respective mean - 1.5*SD and
TMT-A, TMT-B 2 respective mean + 1.5*SD (22-25).

Interaction analyses between glycemic status (diabetes status,
HOMA-IR, HbA,, and glycemic control and treatment) and sex,
age, hypertension and BMI for the GCF were performed by
comparing the model with and without the interaction product
using the likelihood ratio test.

Participants with missing data on covariables (always <1%
missing) were imputed as either the mean of the group or into
the subcategory with the highest frequency (26).
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All analyses were conducted with robust estimates of the
variance to correct for intracluster correlation. The data were
analyzed using the Stata-14 software program (StataCorp).
Statistical significance was set using the Benjamini-Hochberg
false discovery rate correction procedure (27) at a Q-value <0.05.

RESULTS

Descriptive Results

Table 1 shows the baseline characteristics of the study population
(n=6,874) according to diabetes status. A total of 20.9% of
participants were classified as having no-diabetes, 48.6%

prediabetes, 14.8% with <5-year diabetes duration, and 15.6%
with >5-year diabetes duration. The mean age of the total
population was 64.9 = 4.9 years and 48.5% were women.
Participants with >5-year diabetes duration were older, had lower
education level and alcohol consumption, greater adherence to the
Mediterranean diet and higher HbA, levels. They were also more
likely to have hypertension, hypercholesterolemia and depressive
symptoms. Participants with <5-year diabetes duration had greater
prevalence of obesity and higher HOMA-IR levels, and were less
likely to be a woman. Participants without diabetes were more likely
to have a higher education level. All cognitive assessments showed
significant differences across diabetes status and participants with
>5-year diabetes duration with lower scores.

TABLE 1 | Baseline characteristics by diabetes status.

Characteristics Diabetes status P-value
No-Diabetes (n=1440) Prediabetes (n=3341) <5y Diabetes (n=1020) >5y Diabetes (n=1073)

Age (years) 64.5 £ 4.92 65.0 £ 4.91 64.7 + 4.98 65.5 + 4.81 <0.001
Sex (women) 706 (49.03) 1703 (50.97) 435 (42.65) 491 (45.76) <0.001
Intervention group 730 (50.69) 1632 (48.85) 503 (49.31) 541 (50.42) 0.623
Education level <0.001

Primary school or less 653 (45.35) 1627 (48.70) 489 (47.94) 593 (565.27)

High school 417 (28.96) 976 (29.21) 302 (29.61) 291 (27.12)

College 370 (25.69) 738 (22.09) 229 (22.45) 189 (17.61)
Civil status 0.803

Single, divorced or separated 199 (13.82) 440 (18.17) 123 (12.06) 135 (12.58)

Married 1097 (76.18) 2546 (76.20) 797 (78.14) 821 (76.51)

Widower 144 (10.00) 355 (10.63) 100 (9.80) 117 (10.90)
Physical activity (MET min/week) 2508 + 2433 2493 + 2264 2344 + 2140 2420 + 2378 0.236
Current smoker 0.195

Smoker 170 (11.81) 418 (12.51) 138 (13.53) 131 (12.21)

Former smoker 602 (41.81) 1434 (42.92) 463 (45.39) 484 (45.11)

Never smoker 668 (46.39) 1434 (44.57) 419 (41.08) 458 (42.68)
Alcohol consumption (g/day) 11.0+14.2 11.6+£15.9 11.7 £ 15.6 9.8+ 146 0.004
17-point Mediterranean diet score 8.51 +2.71 8.37 £ 2.70 8.64 +2.60 8.72 + 2.55 0.001
BMI (kg/m?) 32.2 £ 3.46 32.6 £ 3.41 32.9 + 3.49 32.6 + 3.52 <0.001
HOMA-IR 3.91 +2.61 5.08 + 3.14 6.65 + 4.19 6.30 + 4.45 <0.001
HbA ¢ (mmol/mol) 36.4 £4.7 40.5£3.5 49.3 £ 10.2 54.7 £13.1 <0.001
HbA¢ (%) 5.48 + 0.43 5.86 + 0.32 6.66 + 0.93 7.16 +1.20 <0.001
Hypertension 1192 (82.78) 2764 (82.73) 855 (83.82) 947 (88.26) <0.001
Hypercholesterolemia 966 (67.08) 2281 (68.27) 755 (74.02) 811 (75.58) <0.001
Depressive symptomatology 281 (19.51) 667 (19.96) 226 (22.16) 253 (23.58) 0.029
Cognitive assessments Diabetes status

No-Diabetes Prediabetes <5y Diabetes >5y Diabetes

MMSE (n=6654) 28.3+1.85 28.3 + 1.86 28.2 +1.95 28 +2.10 <0.001
CDT (n=6659) 5.95 +1.29 5.96 + 1.21 6.02 + 1.12 5.76 £ 1.34 <0.001
DST-f (n=5867) 8.95 + 2.59 8.78 + 2.39 8.87 £ 2.48 8.52 +2.48 <0.001
DST-b (n= 5864) 5.28 + 2.36 511 +2.20 519 +2.19 493 +2.15 0.043
VFT-a (n=6816) 16.4 £ 5.00 16.1 £4.75 16.1 + 4.84 156.2 + 4.65 <0.001
VFT-p (n=6816) 12.6 + 4.62 12.4 + 453 12 +4.35 11.4 £ 4.39 <0.001
TMT-A (n=6802)§ 50.9 £ 28.0 52.3+27.5 52.7 £ 30.2 56.2 + 30.2 <0.001
TMT-B (n=6783)§ 121.6 + 68.6 128.0 £ 70.2 130.1 £ 72.3 1442 £+ 79.6 <0.001

<5y diabetes, less than 5 years diabetes duration; >5y diabetes, more than 5 years diabetes duration; GCF, Global Cognitive Function; MMSE, Mini-Mental State Examination; CDT, Clock
Drawing Test; DST-f, Digit Span Test forward section; DST-b, Digit Span Test backward section; VFT-a, Verbal Fluency Test animal category; VFT-p, Verbal Fluency Test letter “p”; TMT-A,

Trail Making Test part A; TMT-B, Trail Making Test part B.

§ Inverse neuropsychological assessment score.

Data are n (%) or mean + SD for categorical and quantitative variables, respectively.
Only the participants reported in each neuropsychological assessment are available.

Chi-square is used for categorical variables and One-way ANOVA for quantitative variables.
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Diabetes Status and Related Biomarkers

Table 2 shows the associations between baseline diabetes status
and 2-year changes in cognitive Z-scores. Compared to
participants without diabetes, no significant differences in the
associations between prediabetes and cognitive tests were
observed. Compared to participants without diabetes, those
with <5-year diabetes duration displayed larger decrements in
cognitive Z-scores measured by the GCF, VFT-a, VFT-p and
TMT-B tests in model 1, but these associations were attenuated
in model 2. Compared to participants without diabetes, those
with >5-year diabetes duration displayed larger reductions in all
cognitive assessments in model 1, except in the case of the CDT

test (Table 2). These associations remained significant for the
GCF score, and the VFT-a, VFT-p, TMT-A and TMT-B tests
in model 2. Similar results were found when comparing
participants with diabetes and no-diabetes, finding a larger 2-
year decrease with the presence of type 2 diabetes in the MMSE
score (Supplementary Table 1).

Supplementary Table 2 shows the odds ratio (95% CI) for
cognitive impairment incidence after 2 years of follow-up in
participants with normal cognitive performance at baseline.
Compared with participants without diabetes, those with
diabetes had a borderline significant 34% (95% CI 0.96;1.87)
higher risk of cognitive impairment when assessed by the GCF

TABLE 2 | Association between baseline diabetes status and changes in cognitive Z-scores.

Z-scores Diabetes status Model 1 Model 2
B (95% CI) P-value B (95% CI) P-value

GCF No-Diabetes (n=1023) Ref. Ref.

Prediabetes (n=2429) -0.04 (-0.10, 0.03) 0.277 -0.01 (-0.04, 0.03) 0.756

<5y Diabetes (n=667) -0.12 (-0.20, -0.03) 0.008* -0.04 (-0.09, 0.01) 0.109

>5y Diabetes (n=684) -0.27 (-0.36, -0.18) <0.001* -0.11 (-0.16, -0.06) <0.001*
MMSE No-Diabetes (n=1187) Ref. Ref.

Prediabetes (n=2786) -0.01 (-0.07, 0.05) 0.749 0.01 (-0.05, 0.06) 0.865

<5y Diabetes (n=847) -0.08 (-0.16, 0.01) 0.054 -0.05 (-0.13, 0.03) 0.209

>5y Diabetes (n=865) -0.11 (-0.19, -0.02) 0.011* -0.06 (-0.14, 0.02) 0.134
CDT No-Diabetes (n=1189) Ref. Ref.

Prediabetes (n=2788) 0.01 (-0.06, 0.07) 0.874 0.01 (-0.05, 0.07) 0.780

<5y Diabetes (n=846) -0.01 (-0.09, 0.08) 0.843 0.01 (-0.08, 0.09) 0.847

>5y Diabetes (n=866) -0.09 (-0.18, -0.01) 0.031 -0.06 (-0.14, 0.03) 0.171
DST-f No-Diabetes (n=1072) Ref. Ref.

Prediabetes (n=2526) -0.03 (-0.10, 0.05) 0.474 -0.01 (-0.08, 0.06) 0.725

<5y Diabetes (n=702) -0.08 (-0.17, 0.01) 0.087 -0.06 (-0.15, 0.03) 0.198

>5y Diabetes (n=716) -0.12 (-0.21, -0.03) 0.012* -0.07 (-0.16, 0.02) 0.126
DST-b No-Diabetes (n=1072) Ref. Ref.

Prediabetes (n=2525) -0.04 (-0.11, 0.03) 0.293 -0.02 (-0.09, 0.04) 0.528

<5y Diabetes (n=702) -0.07 (-0.16, 0.02) 0.116 -0.04 (-0.13, 0.04) 0.349

>5y Diabetes (n=716) -0.11 (-0.20, -0.02) 0.014* -0.05 (-0.14, 0.04) 0.251
VFT-a No-Diabetes (n=1226) Ref. Ref.

Prediabetes (n=2866) -0.07 (-0.13, -0.01) 0.033 -0.05 (-0.11, 0.01) 0.101

<5y Diabetes (n=870) -0.14 (-0.22, -0.05) 0.001* -0.10 (-0.17, -0.02) 0.018

>5y Diabetes (n=889) -0.25 (-0.33, -0.16) <0.001* -0.18 (-0.26, -0.10) <0.001*
VFT-p No-Diabetes (n=1227) Ref. Ref.

Prediabetes (n=2865) -0.05 (-0.12, 0.02) 0.149 -0.03 (-0.09, 0.03) 0.348

<5y Diabetes (n=870) -0.13 (-0.21, -0.04) 0.005* -0.08 (-0.16, 0.01) 0.060

>5y Diabetes (n=889) -0.23 (-0.32, -0.14) <0.001* -0.15 (-0.23, -0.07) <0.001*
TMT-A§ No-Diabetes (n=1226) Ref. Ref.

Prediabetes (n=2862) -0.02 (-0.08, 0.04) 0.512 -0.03 (-0.09, 0.03) 0.323

<5y Diabetes (n=869) 0.08 (0.01, 0.16) 0.037 0.05 (-0.02, 0.13) 0.185

>5y Diabetes (n=886) 0.20 (0.11, 0.29) <0.001* 0.15(0.06, 0.23) 0.001*
TMT-B§ No-Diabetes (n=1221) Ref. Ref.

Prediabetes (n=2859) 0.01 (-0.05, 0.07) 0.690 0.01 (-0.06, 0.06) 0.994

<5y Diabetes (n=866) 0.11 (0.0, 0.20) 0.006* 0.08 (0.01, 0.16) 0.039

>5y Diabetes (n=883) 0.24 (0.15, 0.32) <0.001* 0.17 (0.09, 0.25) <0.001*

<5y diabetes, less than 5 years diabetes duration; =5y diabetes, more than 5 years diabetes duration; GCF, Global Cognitive Function; MMSE, Mini-Mental State Examination; CDT, Clock
Drawing Test; DST-1, Digit Span Test forward section; DST-b, Digit Span Test backward section; VVFT-a, Verbal Fluency Test animal category; VFT-p, Verbal Fluency Test letter “p”; TMT-A,
Trail Making Test part A; TMT-B, Trail Making Test part B.

§ Inverse neuropsychological assessment score.

Model 1: adjusted for sex, age (in years), intervention group, and center size (<250, 250-300, 300-400; >400).

Model 2: further adjusted for baseline education level (primary school; secondary school; college), civil status (single, divorced or separated; married; widower), physical activity (MET min/
week), smoking habits (smoker; former smoker; never smoker), alcohol intake (g/day, adding the quadratic term), 17-point Mediterranean diet score, BMI (kg/m?3), hypertension (yes/no),
hypercholesterolemia (yes/no), and depressive symptomatology (yes/no).

Beta coefficients were estimated using linear regression models with robust standard errors to account for intracluster correlations.

*Significant association after Benjamini-Hochberg correction.
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Z-score, and a non-significant 30% (95%CI 1.01;1.68) higher risk
of impairment based on the VFT-a test after the false discovery
rate correction. No significant associations were found between
diabetes status and cognitive impairment incidence in the rest of
the cognitive tests.

Table 3 shows the association between baseline HOMA-IR
(per one unit increment) and changes in cognitive Z-scores after
2 years of follow-up after excluding those participants with
insulin treatment. Significant inverse associations between
HOMA-IR and changes in cognitive Z-scores measured by
GCF and the DST-f and DST-b tests were found (model 2).
No significant associations between insulin resistance and
changes in cognitive Z-scores were found for the MMSE, CDT,
VFT-a, VET-p, TMT-A and TMT-B tests. Furthermore, a
sensitivity analysis was conducted excluding those participants
with insulin or sulfonylurea treatment (n=596). Compared with
the results of Table 3, no changes in the direction of 3 coefficients
or significances after the Benjamini-Hochberg correction
were shown.

Table 4 presents the association between baseline HbA,,
levels (per one mmol/mol increment) and 2-year changes in
cognitive Z-scores. An inverse association was observed between
baseline HbA . levels and the GCF score, as well as the MMSE,
VET-a, VFT-p, TMT-A and TMT-B tests. No significant
associations were found for the CDT, DST-f and DST-b tests.

There were no significant interactions by sex, age,
hypertension or BMI between the glycemic status (HOMA-IR,
HbA, . and glycemic control/treatment) and changes in the GCF
score (all p>0.05). However, an interaction by age was found
between diabetes status and changes in the GCF score (P=0.046).
Compared to participants without diabetes, a larger decline in
the GCF score was shown in those participants aged <65 years
and presenting with prediabetes and <5-year and >5-year of
diabetes duration, whereas participants aged >65 years with

prediabetes showed increased performance in the GCF score.
No associations were found between diabetes duration and the
GCF score in participants aged >65 years.

Diabetes Control and Treatment
Supplementary Table 3 shows the association between baseline
glycemic control (HbA;. =57 mmol/mol or <57 mmol/mol) in
participants with diabetes and 2-year changes in cognitive Z-
scores. Compared to participants with good diabetes control,
those with poor control showed a larger decrement in the VFT-p
[B= -0.13 (95%CI -0.22;-0.04)] test (model 2). No associations
between glycemic control and the rest of the cognitive tests
were observed.

Supplementary Table 4 shows the association between
baseline insulin treatment in participants with diabetes and
changes in cognitive Z-scores. Compared to participants
without insulin treatment, those with insulin treatment showed
a significantly greater decrease in cognitive function measured by
the GCF score and the DST-f, DST-b, VFT-a, VFT-p, TMT-A
and TMT-B tests. No associations were observed for the
remaining cognitive tests assessed (MMSE and CDT).
Concerning oral glucose medication use, sulfonylurea
treatment was not significantly associated with an increase in
the TMT-A (B= 0.22 [95%CI 0.07;0.38]) Z-score after the
Benjamini-Hockberg correction (Supplementary Table 5). No
significant associations were shown between the use of
metformin or IDDP-4 and changes in cognitive Z-scores
(Supplementary Tables 6, 7, respectively). When the
associations between diabetes treatment and cognitive function
were further adjusted by diabetes duration or glycemic control,
the results remained similar (model 3).

No significant interactions by sex, age, hypertension, and BMI
were observed between diabetes control or treatment and
changes in the GCF score.

TABLE 3 | Association between baseline HOMA-IR levels (per one unit increment) and changes in cognitive Z-scores.

Z-scores Model 1 Model 2

B (95% CI) P-value B (95% CI) P-value
GCF (n=4377) -0.0140 (-0.0217, -0.0061) <0.001* -0.0094 (-0.0164, -0.0023) 0.009*
MMSE (n=5180) -0.0040 (-0.0120, 0.0039) 0.322 -0.0006 (-0.0087, 0.0075) 0.884
CDT (n=5183) -0.0006 (-0.0075, 0.0064) 0.868 -0.0006 (-0.0077, 0.0065) 0.862
DST-f (n=4560) -0.0116 (-0.0195, -0.0037) 0.004* -0.0091 (-0.0170, -0.0013) 0.023
DST-b (n=4559) -0.0106 (-0.0184, -0.0028) 0.007* -0.0082 (-0.0157, -0.0006) 0.035
VFT-a (n=5319) -0.0072 (-0.0144, 0.0001) 0.051 -0.0050 (-0.0121, 0.0020) 0.163
VFT-p (n=5319) -0.0065 (-0.0146, 0.0015) 0.111 -0.0042 (-0.0115, 0.0030) 0.249
TMT-A (n=5311)§ 0.0070 (-0.0008, 0.0147) 0.077 0.0040 (-0.0037, 0.0117) 0.306
TMT-B (n=5301)§ 0.0087 (0.0014, 0.0159) 0.019 0.0060 (-0.0007, 0.0127) 0.079

GCF, Global Cognitive Function; MIMSE, Mini-Mental State Examination; CDT, Clock Drawing Test; DST-f, Digit Span Test forward section; DST-b, Digit Span Test backward section; VFT-
a, Verbal Fluency Test animal category; VIFT-p, Verbal Fluency Test letter “p”; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B.

§ Inverse neuropsychological assessment score.
Participants with insulin treatment were excluded (n=320) from the analysis.

Model 1: adjusted for sex, age (in years), intervention group, and center size (<250, 250-300, 300-400; >400).
Model 2: further adjusted for baseline education level (primary school; secondary school; college), civil status (single, divorced or separated; married; widower), physical activity (MET min/
week), smoking habits (smoker; former smoker; never smoker), alcohol intake (g/day, adding the quadratic term), 17-point Mediterranean diet score, BMI (kg/m?3), hypertension (yes/no),

hypercholesterolemia (yes/no), and depressive symptomatology (yes/no).

Beta coefficients were estimated using linear regression models with robust standard errors to account for intracluster correlations

*Significant association after Benjamini-Hochberg correction.
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TABLE 4 | Association between baseline HbA. levels (per one mmol/mol increment) and cognitive Z-scores changes.

Z-scores Model 1

B (95% CI)

GCF (n=4406)
MMSE (n=5162)
CDT (n=5166)
DST-f (n=4601)

-0.0085 (-0.0115, -0.0055)
-0.0043 (-0.0071, -0.0015)
-0.0017 (-0.0043, 0.0009)
-0.0030 (-0.0061, 0.0001)

DST-b (n=4600) -0.0042 (-0.0072, -0.0013)
VFT-a (n=5316) -0.0071 (-0.0099, -0.0043)
VFT-p (n=5316) -0.0087 (-0.0118, -0.0056)

TMT-A (n=5307)§
TMT-B (n=5296)§

0.0074 (0.0045, 0.0103)
0.0072 (0.0043, 0.0100)

Model 2

P-value B (95% ClI) P-value
<0.001* -0.0056 (-0.0081, -0.0030) <0.001*
0.002* -0.0029 (-0.0055, -0.0002) 0.035*
0.210 -0.0007 (-0.0032, 0.0019) 0.615

0.058 -0.0015 (-0.0045, 0.0015) 0.330

0.005* -0.0023 (-0.0051, 0.0005) 0.114
<0.001* -0.0051 (-0.0078, -0.0024) <0.001*
<0.001* -0.0068 (-0.0091, -0.0035) <0.001*
<0.001* 0.0053 (0.0025, 0.0081) <0.001*
<0.001* 0.0045 (0.0019, 0.0072) 0.001*

GCF, Global Cognitive Function; MMSE, Mini-Mental State Examination; CDT, Clock Drawing Test; DST-f, Digit Span Test forward section;, DST-b, Digit Span Test backward section; VFT-
a, Verbal Fluency Test animal category; VIFT-p, Verbal Fluency Test letter “p”; TMT-A, Trail Making Test part A; TMT-B, Trail Making Test part B.

§ Inverse neuropsychological assessment score.
Missing data on HbA;. (n=633).

Model 1: adjusted for sex, age (in years), intervention group, and center size (<250; 250-300, 300-400; >400).
Model 2: further adjusted for baseline education level (primary school; secondary school; college), civil status (single, divorced or separated; married; widower), physical activity (MET min/
week), smoking habits (smoker; former smoker; never smoker), alcohol intake (g/day, adding the quadratic term), 17-point Mediterranean diet score, BMI (kg/m?), hypertension (yes/no),

hypercholesterolemia (yes/no), and depressive symptomatology (yes/no).

Beta coefficients were estimated using linear regression models with robust standard errors to account for intracluster correlations.

*Significant association after Benjamini-Hochberg correction.

DISCUSSION

To the best of our knowledge, this is the first prospective study
investigating associations between glycemic status (diabetes
status/control/treatment, and HOMA-IR and HbA,.
biomarkers) and cognitive function in a large cohort of older
adults at risk high cardiovascular disease in a short period (2-
year). In this community-based population, compared to
participants without diabetes, those with diabetes showed a
larger decline in several cognitive performance measurements.
Additionally, longer duration of diabetes was associated with
greater decreases in the scores of tests measuring processing
speed and executive functions. Furthermore, poor diabetes
control, the use of insulin treatment, and increases in HOMA-
IR and HbA,. levels were inversely associated with
cognitive functioning.

Our results concur with those of meta-analyses of prospective
studies, suggesting larger risk of cognitive decline in type 2
diabetes (6-8). The mechanisms explaining these associations
remain largely unknown. Several risk factors for cognitive
dysfunction in diabetes have been reported, such as
hypertension or depression, but each of them appear to have
weak isolated effects (28, 29). In order to control for these
potential confounding factors, we have adjusted our statistical
models for several recognized confounders.

Our findings are similar to those reported in other studies,
suggesting a greater risk of cognitive decline in participants with
type 2 diabetes, especially in relation to executive functions (5, 8, 30).
Similarly, we found inverse associations in participants with diabetes
and all the executive function-related tests, except in the case of the
DST-b test, which measures working memory. Concerning memory
function, we also assessed immediate verbal memory using the
DST-f test, which was borderline inversely associated with the

presence of diabetes. These results concur with those reported in
a recent meta-analysis in which immediate (measured by the DST-f)
and working memory (measured by the DST-b) were not associated
in type 2 diabetes, while the other memory and executive function
abilities assessed were reduced (8). Regarding visuospatial function,
discrepancies in longitudinal studies have been reported in
individuals with type 2 diabetes (31, 32). However, a small effect
size in this function was reported in a meta-analysis conducted in
2014 (30). In our study, a non-significant inverse association
between diabetes and the CDT test was observed, and longer
follow-up of our population may be needed to observe a
significant decline in this cognitive function.

Our results also showed that, compared to participants
without diabetes, those with diabetes had a borderline
increased risk of developing cognitive impairment as measured
by the GCF score, even when the period of follow-up was only 2
years. Meta-analyses including prospective studies have shown
an incidence of cognitive impairment in participants with type 2
diabetes (6, 33). However, the assessment of short-time periods
were not commonly reported in regard to the association
between type 2 diabetes and cognitive function, and it may be
the reason for the discrepancies observed between the
aforementioned meta-analyses and our study.

As far as we know, no longitudinal studies have been
conducted assessing associations between diabetes status and
cognitive decline, while also considering both the prediabetes
status and the duration of diabetes. Longitudinal cohort studies
have shown contradictory results regarding the association of
prediabetes with cognition (5, 12, 31, 34), which can be explained
by the different range of ages and sample sizes, the tests and
cognitive domains assessed, and the length of follow-up.
Concerning diabetes duration, our results are in line with other
longitudinal studies in which higher rates of cognitive decline
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were described in individuals with longer diabetes duration
(5, 12).

The observed interaction of the GCF score with age in
prediabetes has not been previously reported in the literature
and cannot be explained by a specific mechanism. We cannot
rule out that this interaction was a random finding and it is a
result that requires further investigation.

Several mechanisms have been suggested to explain the
association between diabetes status and control with changes
in cognitive functioning. Among them, insulin resistance,
hyperglycemic excursions and glycemic control have received
much attention. Insulin resistance linked to low-grade
inflammation is a factor contributing to the onset of diabetes,
that appears to play a key role in the cognitive impairment
associated with obesity and diabetes, given the role that insulin
has in the brain promoting neuronal survival and synaptic
plasticity and inhibiting apoptosis and neuroinflammation
(35). In the case of peripheral insulin resistance and type 2
diabetes, a decrease in insulin permeation through the blood-
brain barrier was observed, leading to a smaller amount of
insulin reaching the brain, thus impairing neuronal activation
and inducing changes in synaptic plasticity, neuronal apoptosis
and neuroinflammation, all responsible for cognitive
deterioration (35).

Longitudinal studies linking insulin resistance, as measured
by HOMA-IR, and cognitive decline have shown discrepancies.
In an older U.S. population with 8 years of follow-up, baseline
HOMA-IR was not associated with changes in global cognitive
function (36). However, in surviving patients with coronary
heart disease, baseline HOMA-IR was associated with
subsequent poorer cognitive performance on the composite
cognitive score over 15 years (37). Our results were in line
with those of the latter study, as we also observed an inverse
association between baseline HOMA-IR and changes in
cognitive performance using a global cognitive function score.

Additional mechanisms explaining the deleterious association
of diabetes on cognitive functioning include hyperglycemic
status and glycemic excursions. Increased HbA . levels or high
levels of repeated glucose measurements over time have been
linked to cognitive decline and an increased risk of dementia in
people without diabetes (38). In our study, no associations
between HbA, levels and changes in cognitive function were
observed in participants without diabetes (data not shown).
Nevertheless, when HbA,. was measured as a continuous
variable, we found negative associations between high baseline
values in HbA, . levels and all the cognitive tests measured,
except in the case of the CDT and the DSTs, thus aligning
with findings from recent studies (34, 36).

When diabetes is established, increased HbA,. levels have
been linked to diabetes-associated cognitive decline and
dementia, but the strength of these relationships is weak (11).
In our study, compared to participants with good diabetes
control, those with poor control showed a larger 2-year
decrease in cognitive performance measured by the VFT-p test,
but this association was not observed in the case of the GCF score
and other cognitive assessments. Unlike other typical diabetic

end-organ complications, no clear evidence exists that the
increased risk of cognitive impairment can be attributed solely
to hyperglycemic excursions and glycemic control (11). For
example, the ACCORD MIND trial (39), which compared
intensive with standard treatment with the aim to lower HbA, .
in people with long-standing type 2 diabetes, found no
association between the intervention and cognitive function.

Several other mechanisms have been implicated in diabetes-
related cognitive decline and dementia. For example, type 2
diabetes has substantial adverse effects on blood vessels and the
heart (40), leading to an increased risk of stroke and small
cerebral vessel disease. Indeed, neuropathological studies also
report an increased burden of cerebrovascular lesions, especially
of lacunar type, in people with diabetes (41).

Observational studies have reported that some glucose-
lowering medications may have a potential beneficial or
deleterious relationship with cognition (6, 13). In our study,
contrary to other results showing improved cognitive function
(13), no associations between metformin and cognition were
observed, as well this was not observed for IDDP-4 or
sulfonylureas use. However, in line with findings of recent
meta-analyses, insulin-treated participants showed larger
cognitive decline than those not treated with insulin (6, 13).
This could be explained by the fact that these individuals tend to
have worse glycemic control and larger risk of hypoglycemia, a
condition that has been linked to cognitive decline and dementia
risk (42, 43).

It is worth mentioning a strength of the present study is the
novelty of being one of the largest population-based studies
longitudinally and concurrently exploring relationships between
glycemic status (diabetes status, markers of glucose metabolism,
and diabetes control and treatment) and cognitive function in an
older individuals at high cardiovascular risk. Moreover, this
study suggests that larger follow-up periods are not required to
observe associations between glycemic status and cognitive
function. Nevertheless, the present findings should be
considered in the context of some limitations. Firstly, although
we adjusted the models for many potential confounding factors,
there may be residual confounding factors not assessed, such as
genetic susceptibility (APOE genotype). Unfortunately, genetic
data was not available in all the PREDIMED-Plus population.
Secondly, the PREDIMED-Plus study did not contemplate the
use of neuroimaging, such as magnetic resonance imaging
(MRI). Finally, our study has been conducted in older
Mediterranean individuals with overweight/obesity at high risk
of cardiovascular disease, and therefore we cannot extrapolate
our results to other populations.

In conclusion, several glycemic dysregulations, such as insulin
resistance measured by HOMA-IR, diabetes status, longer
duration of diabetes, poor glycemic control and higher levels of
HbA,., and insulin treatment were associated with greater
cognitive decline in older individuals with overweight/obesity
at high cardiovascular disease risk in a short time period. We also
reported that participants with type 2 diabetes had a borderline
increased risk of developing cognitive impairment as measured
by the GCF score, compared to those without diabetes.
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Therefore, it is clinically relevant to assess novel effective
strategies at the initial stages of diabetes-related alterations in
order to reduce the impact of cognitive dysfunction when these
glycemic dysregulations are more pronounced.
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ABSTRACT: Cognitive decline has been reported as a short-term sequela in patients hospitalized for coronavirus
disease-19 (COVID-19). Whether COVID-19 is associated with late cognitive impairment in older free-living
individuals with high cardiovascular risk, a group at greater risk of cognitive decline, is unknown. We determined
this association of COVID-19 through a longitudinal evaluation of post-COVID-19 cognitive performance and
impairment as post hoc analysis in 5,179 older adults (48% female) with mean (SD) age 68.5 (5.0) years, body mass
index 31.7 (3.7) kg/m?% harboring > 3 criteria for metabolic syndrome (e.g., hypertension, hyperlipidemia,
hyperglycemia etc.) enrolled in PREDIMED-Plus trial. Pre- and post-COVID-19 cognitive performance was
ascertained from scheduled assessments conducted using a battery of neuropsychological tests, including 5 domains:
Global Cognitive Function, General Cognitive Function, Execution Function, Verbal Fluency and Attention domains,
which were standardized for the cohort. Cognitive impairment was defined as the bottom 10 percentile of the sample.
Multivariable linear and logistic regression models assessed the association of COVID-19 with cognitive decline and
impairment, respectively. After a mean 50-week follow-up, no significant associations were observed between COVID-
19 status and post-COVID-19 scores of all tapped neuropsychological domains, except Global Cognitive Function
(GCF). When fully adjusted, COVID-19 was marginally associated with higher (better) post-pandemic GCF score
(Badj (95% CI): 0.06 (0.00, 0.13) p=.05). However, the odds for post-COVID-19 cognitive impairment in GCF domain
were not associated with the disease (ORadj (95% CI): 0.90 (0.53, 1.51) p=.68). In the PREDIMED-PIus cohort,
COVID-19 status and cognitive impairment determined 50 weeks post-infection showed no association in older adults
at high cardiovascular risk. This suggests that cognitive changes observed shortly after COVID-19 revert over time.
However, cautious interpretation is warranted as these data were obtained within the framework of a clinical trial
encouraging a healthy lifestyle.

Key words: COVID-19, Cognition, Older adults, PREDIMED-Plus

INTRODUCTION dementia [6, 7]. These COVID-19-related cognitive

deficits occur through structural and functional brain

Cognitive impairment, a major determinant of poor health
and mortality in older adults [1], is a common
neuropsychological sequela of coronavirus disease 2019
(COVID-19)[2-5]. Cognitive deficits post-COVID-19
have been reported in several cognitive domains [6],
associating COVID-19 with cognitive impairment and

changes [2, 3].

Several individual-level characteristics including
cardiovascular risks such as obesity, diabetes,
hypertension, and depression are thought to influence
COVID-19-related cognitive decline [8]. As older age is
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associated with an increased risk for severe COVID-19
[9], infection-related cognitive deficits could be a health
concern among older adults, specifically those with
cardiovascular risk factors. Hence, we examined older
adults enrolled in the PREDIMED-Plus trial, the
association of COVID-19 status with cognitive
impairment measured at 1-year post-infection. From a
public health perspective, such a long-term assessment in
older adults with cardiometabolic risks informs if there is
a need for sustained cognitive support in older adults with
a high propensity for dementia.

MATERIALS AND METHODS
Study design and participants

This longitudinal analysis was conducted within the
framework of PREDIMED-Plus [10], an ongoing,
multicenter, randomized controlled lifestyle trial in Spain
for the primary prevention of cardiovascular disease.
Eligible participants were older adults (55-75 years) with
overweight/obesity (included BMI range: 27-40 kg/m?)
and >3 criteria for metabolic syndrome (MetS).

The trial recruited participants between 2013 and
2016, who were randomized to an intervention (IG) or
control group (CG). IG encouraged energy-reduced
Mediterranean diet (MedDiet) and physical activity and
provided behavioural support to achieve/maintain weight
loss. CG followed an ad libitum MedDiet. Participants
provided written informed consent to a protocol approved
by the institutional review boards of the participating
centers (http://www.predimedplus.com).

Exposure: COVID-19 status

The occurrence of COVID-19 was defined from the
pandemic onset to 31% December 2021 as adjudicated by
the PREDIMED-Plus Clinical Event Ascertainment
Committee. The ascertainment was based on the annual
review of participant medical records by collaborating
physicians [11], in accordance with CDC 2020 guidelines
using PCR SARS-Cov-2, IgG tests [12]. Participants who
did not have a confirmed COVID-19-positive diagnosis
were considered COVID-19-negative. Subsequently,
COVID-19 status was established dichotomously
(positive/negative) and defined as exposure.

Identifying pre- and post-COVID-19 data

For COVID-19-positive participants, the last available
data prior to COVID-19 diagnosis was the pre-COVID-19
assessment, and the first evaluation after the COVID-19
diagnosis date was the post-COVID-19 assessment. In

COVID-19 negative participants, the most recent data
before the first known COVID-19 case in Spain (31%
January 2020) was the pre-COVID-19, and the
subsequent available measurement was the post-COVID-
19 data. The duration between pre- and post-COVID-19
cognitive assessment visits was calculated in weeks.

Outcome Ascertainment

Cognitive function assessment and post-COVID-19
cognitive impairment

In PREDIMED-Plus, a neuropsychological battery of 8
cognitive tests assessed cognitive function at baseline and
every 2 years [10]. These cognitive tests psychometrically
evaluated for Spanish populations include the Mini-
Mental State Examination (MMSE)[13], the Clock
Drawing Test (CDT) [14], the Verbal Fluency Test
animals (VFT-a) and letter “p” (VFT-p) categories[15],
the Digit Span Test forward (DST-f) and backward (DST-
b) sections, and the Trail Making Test A (TMT-A) and B
(TMT-B) sections [16].

From these 8 tests, 5 cognitive domains were derived
using z-scores, as prescribed in neuropsychological
handbooks [17, 18]. These included the Global Cognitive
Function (GCF), General Cognitive Function (genCF),
Executive Function, Verbal Fluency, and Attention
domains. Global Cognitive Function is defined as a
composite of all 8 tests, with inversion of TMT-A and
TMT-B scores, as higher scores reflect lower cognitive
performance in these two tests. The General Cognitive
Function domain included the MMSE and the CDT, the
Executive Function domain included the VFT-a, VFT-p,
DST-b, and TMT-B, the Verbal Fluency domain included
the VFT-a and VFT-p, and the Attention domain included
the DST-f and TMT-A tests.

Post-COVID-19 cognitive assessments.

Post-COVID-19 cognitive function was evaluated as
aggregate performance in 5 cognitive domains assessed at
the post-COVID-19 visit and estimated as z-score
(number of SDs from the cohort mean, at pre-COVID-19
visit).

Global Cognitive Function composite score at the
post-COVID-19 assessment was obtained using the
following formula: Global Cognitive Function (post-
COVID-19) = [zMMSE post-COVID-19 + zCDT post-
COVID-19 + zVFT-a post-COVID-19 + zVFT-p post-
COVID-19 + zDST-f post-COVID-19 + zDST-b post-
COVID-19 + (-zTMT-A post-COVID-19) + (-zTMT-B
post-COVID-19)]/8. Thereafter, the Global Cognitive
Function composite score at the post-COVID-19
assessment was further standardized using the mean and
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standard deviation of the Global Cognitive Function

composite score at the pre-COVID-19 assessment [19].
Post-COVID-19 cognitive impairment for each

cognitive domain was determined as a dichotomous

variable (yes/no) using the bottom 10th percentile of
cognitive function [20].

Table 1. Participant characteristics at the pre-COVID-19 visit according to COVID-19 status.

Total population Negative Positive p-value
(n=5,179) (n=4,731) (n=448)

Sex (female)® 2,473 (47.8%) 2,291 (48.4%) 182 (40.6%) <0.01
Age (in years) # 68.5+5.0 68.4+5.0 69.1+5.1 0.01
Allocation to Intervention arm P 2,488 (48.04%) 2,272 (48.0%) 216 (48.2%) 0.94
Educational level ® 0.04

Primary school or less 2,570 (49.62%) 2,373 (50.2%) 197 (44. 0%)

High school 1,498 (28.92%) 1,356 (28.7%) 142 (31.7%)

College 1,111 (21.45%) 1,002 (20.75%) 109 (24.3%)
Marital status # 0.54

Single, divorced or separated 633 (12.2%) 583 (12.3%) 50 (11.2%)

Married 3,959 (76.4%) 3, 607 (76.2%) 352 (78.6%)

Widowed 587 (11.3%) 541 (11. 4%) 46 (10.3%)
Smoking status 0.001

Never smoker 2,331 (45.0%) 2,155 (45.6%) 176 (39.3%)

Former smoker 2,237 (43.19%) 2,007 (42.4%) 230 (51.3%)

Current smoker 611 (11.80%) 569 (12.0%) 42 (9.4%)
Physical activity (METs min/week) # 3,063 + 2,450 3,043 £ 2,424 3,281 + 2,698 0.05
Alcohol intake (g/day) # 9.6+133 9.5+133 10.3+13.9 0.22
MeDiet adherence score (er-MEDAS; 11.7+28 116+28 118126 0.21
range: 0-17 points) #
Body mass index (kg/m?) # 31.7+3.7 31.7+37 32.1+37 0.04
Hypertension ® 4,332 (83.65%) 3,968 (83. 9%) 364 (81.3%) 0.15
Hyperlipidemia P 3,619 (69.88 %) 3,317 (70.1%) 302 (67.4%) 0.23
Type 2 diabetes® 1,559 (30.1%) 1,409 (29.8%) 150 (33. 5%) 0.10
Depressive symptomatology# 715 (13.82%) 664 (14.0%) 51 (11.4%) 0.12
Received 1 dose of COVID-19# 39 (0.75%) 0 (0%) 39 (8.7%) <0.001
vaccine before event
Time from COVID-19 status 43.7 £ 28.6 43.1+285 49.9+294 <0.001
ascertainment to post-COVID-19
cognitive assessment (weeks)
Time between pre- and post-COVID- 1055+ 6.2 105.5+6.2 104.2 +6.1 <0.001

19 cognitive assessments (weeks)*

Abbreviations: MeDiet, Mediterranean diet; er-MEDAS, 17-point energy-restricted Mediterranean Diet Adherence Screener score.
Data are n (%) or mean + SD for categorical and quantitative variables, respectively.

Chi-square is used for categorical variables and t-test for quantitative variables.

*The time was estimated for Global Cognitive Function domain measurements (n=4,838).

® Data obtained at baseline
#Measured at the pre-COVID-19 visit

Covariates

Sociodemographic, lifestyle, and history of disease
covariates data were assessed by trained staff and
ascertained at baseline or at the pre-COVID-19
assessment based on the data available in the
PREDIMED-Plus database at the time of analysis.
Physical activity was evaluated using the Regicor Short
Physical Activity Questionnaire [21], and depressive
symptoms using the Spanish version of the Beck
Depression Inventory-I1, which specifies a depressive

symptomatology risk using a cut-off of >13 points[22,
23]. The adherence to the Mediterranean diet was assessed
with the 17-point energy-restricted Mediterranean
Adherence Screener (er-MEDAS), validated in the
Spanish population [24].

For the main analysis, covariates were obtained from
baseline or pre-COVID-19 visits. Covariates at baseline
include sex (man; woman), recruitment center size (>400;
300-400; 250-300; <250 participants), educational level
(<high school; high school; college), intervention group
allocation, smoking status (never; former smoker; current
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smoker), and prevalence of type 2 diabetes (no; yes),
hypertension (no; yes), and hyperlipidemia (no; yes).
Covariates at the pre-COVID-19 assessment include
participant’s age (years), marital status (single, divorced
or separated; married; widower), body mass index (BMI;
kg/m?), physical activity (METs min/week), alcohol
intake adding the quadratic term (g/day), the respective
cognitive function assessment (linear score), depressive
symptomatology (no; yes), and having received at least
one dose of COVID-19 vaccination (no; yes).
Furthermore, the time elapsed between COVID-19 event
status determination and the post-COVID-19 cognitive
function assessment (in weeks) was included as a
covariate.

Statistical analyses

This analysis used the PREDIMED-Plus database dated
September 2023, merged with COVID-19 data. Missing
covariates (<1%) were imputed as either the mean
(continuous) or mode (categorical). Z-score of changes in
cognitive domains were compared between COVID-19
positive and negative participants, adjusting for
covariates. Linear and logistic regression models were
used to assess associations between COVID-19 status
(nofyes) and post-COVID-19 cognitive decline (post-
COVID-19 z-scores) and impairment (absence/presence)
for all cognitive domains. Crude, minimally adjusted, and
three other models adjusting for potential covariates were
tested. Supplementary analyses were performed for each
cognitive test, using an alternative definition of cognitive
impairment (1.5 SD below cohort pre-COVID-19 mean),
and replacing pre-COVID-19 BMI, lifestyle and
depression data with post-COVID-19 measurements.

Table 2. Comparison of changes of performance in various cognitive domains (z scores) from pre- to post-COVID-
19 between COVID-19 cases and control (not infected) participants in the PREDIMED-Plus study.

Positive
n Change (95% Cl)  p-value!
Global Cognitive 377 -0.09 (-0.15, - <0.01
Function 0.03)
General Cognitive 381 -0.15 (-0.27, - <0.01
Function 0.04)
Executive Function 439 -0.08 (-0.14, - <0.01
0.03)
Verbal Fluency 445 -0.07 (-0.14, - 0.05
0.00)
Attention 440 -0.04 (-0.04, 0.11) 0.36

Negative
n Change (95% CI) p-value! p-value?
4,461  -0.18(-0.19,-0.16)  <0.001 0.06
4,535 -0.30 (-0.33, -0.27) <0.001 0.11
4,267 -0.10 (-0.11, -0.08) <0.001 0.42
4,719 -0.07 (-0.09, -0.05) <0.001 0.42
4,680 -0.10 (-0.12, -0.07) <0.001 0.23

Abbreviations: COVID-19, Coronavirus disease 2019; n, number of participants; 95% CI, 95% confidence interval.
p-valuel calculated using paired t-test to assess differences of z-scores from pre-COVID-19 to post-COVID-19 assessments within groups.

p-value? calculated using ANCOVA to assess differences of z-score changes using delta method between COVID-19 status (negative/positive), adjusting
for the respective cognitive domain performance at pre-COVID-19 (linear z-score), low and high Mediterranean diet adherence COVID-19 vaccine
(no/yes), time elapsed between ascertainment of COVID-19 status and post-COVID-19 cognitive assessment (weeks), intervention group, center size
(<250; 250-300, 300-400; >400 participants recruited), randomized as couples (no/yes), sex, smoking status (smoker; former smoker; never smoker), ,
educational level (primary school; secondary school; college), pre-COVID-19 covariates (age (in years), marital status (single, divorced or separated;
married; widower), body mass index (kg/m2, and depressive symptomatology (no/yes)), physical activity (METs min/week), alcohol intake (g/day,
adding the quadratic term), and prevalence of hypertension (no/yes), hypercholesterolemia (no/yes), type 2 diabetes (no/yes) at enrolment.

The Global Cognitive Function domain was obtained by averaging all cognitive z-scores. The General Cognitive Function domain was obtained by
averaging z-scores of the Mini-Mental State Examination and Clock Drawing Test. The Executive Function domain was obtained by averaging z-scores
of the Verbal Fluency Test animals, Verbal Fluency Test letter “p”, Trail Making Test B, and the Digit Span Test backward. The Verbal Fluency domain
was obtained by averaging z-scores of the Verbal Fluency Test animals and Verbal Fluency Test letter “p”. The Attention domain was obtained by

averaging z-scores of the Trail Making Test A and the Digit Span Test forward.

RESULTS

Of the 6,874 PREDIMED-Plus participants, 5,179 were
included in this analysis inclusive of 448 COVID-19
positive cases (Supplementary Fig. 1). COVID-19-
positive cases were more likely to be male, older, have
higher education and BMI, and smoked less frequently
compared to COVID-19-negative participants (Table 1).

Cognitive assessments post-COVID-19 in infected
participants were performed at a mean (SD) of 50(29)

weeks after infection, with only 13% assessed within 3
months of infection. Most (74%) post-COVID-19
assessments were performed 6 months post-infection.

Irrespective of COVID-19 status, all participants
experienced reductions in scores of several cognitive
domains from pre- to post-COVID-19 assessment,
indicating cognitive decline. However, these changes did
not differ by COVID-19 status when adjusted for potential
covariates (Table 2, all p>0.06).
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No significant associations were observed between
COVID-19 status and post-COVID-19 assessments for
GenCF, Executive Function, Verbal Fluency, and
Attention domains (Table 3, all p>0.06). Accordingly,
COVID-19 was not associated with post-COVID-19
cognitive impairment in these domains (Table 3, all
p>0.52). COVID-19 positive status was marginally
associated with GCF measured post-COVID-19 (Bag
(95% CI): 0.06 (0.00, 0.13) p=0.05). However, cognitive

impairment in GCF was not associated with COVID-19
(ORagj (95% CI): 0.90 (0.53, 1.51) p=0.68).

No association between COVID-19 and cognitive
decline or impairment was observed for any individual
cognitive test (Supplementary Table S1). An alternative
definition of cognitive impairment and the use of post-
COVID-19 variables in supplementary analyses did not
change the results (Supplementary Table 2).

Table 3. Association of COVID-19 with 50-week post-infection cognitive performance and impairment.

Global Cognitive Function (n=4,838)

Model 1 0.11 (-0.01, 0.22) 0.07 0.82 (0.57, 1.20) 0.31
Model 2 0.07 (0.01, 0.13) 0.03 0.87 (0.52, 1.45) 0.59
Model 3 0.06 (-0.00, 0.12) 0.05 0.91 (0.53, 1.54) 0.72
Model 4 0.06 (0.00, 0.13) 0.05 0.90 (0.53, 1.51) 0.68
Model 5 0.07 (0.01, 0.14) 0.02 0.87 (0.51, 1.48) 0.60
General Cognitive Function (n = 4,916)
Model 1 0.10 (-0.01, 0.23) 0.08 0.86 (0.60, 1.24) 0.42
Model 2 0.11 (0.00, 0.22) 0.05 0.85(0.57, 1.28) 0.43
Model 3 0.09 (-0.02, 0.20) 0.11 0.86 (0.57, 1.31) 0.50
Model 4 0.10 (-0.01, 0.23) 0.08 0.87 (0.58, 1.32) 0.52
Model 5 0.10 (-0.01, 0.23) 0.08 0.86 (0.57, 1.29) 0.46
Executive Function (n= 5,066)
Model 1 0.07(-0.03,0.18) 0.16 0.84 (0.59, 1.19) 0.32
Model 2 0.02(-0.04, 0.08) 0.46 0.88 (0.56, 1.39) 0.59
Model 3 0.02(-0.04, 0.08) 0.46 0.91 (0.57, 1.43) 0.67
Model 4 0.02(-0.03, 0.08) 0.40 0.92 (0.58, 1.47) 0.74
Model 5 0.03(-0.03, 0.09) 0.37 0.90 (0.57, 1.43) 0.65
Verbal Fluency (n = 5,164)
Model 1 0.07 (-0.02, 0.17) 0.14 1.02 (0.68, 1.53) 091
Model 2 0.03 (-0.05, 0.10) 0.47 1.02 (0.68, 1.52) 0.94
Model 3 0.03 (-0.05, 0.10) 0.47 1.02 (0.68, 1.54) 0.91
Model 4 0.03 (-0.04, 0.10) 0.43 1.02 (0.68, 1.54) 0.90
Model 5 0.03 (-0.04, 0.10) 0.41 1.00 (0.67, 1.50) 0.99
Attention (n=5,120)
Model 1 0.08 (-0.03, 0.19) 0.16 1.03 (0.74, 1.42) 0.88
Model 2 0.06 (-0.02, 0.14) 0.16 1.08 (0.72, 1.63) 0.71
Model 3 0.05 (-0.03, 0.13) 0.24 1.11 (0.73, 1.69) 0.62
Model 4 0.05 (-0.03, 0.13) 0.22 1.11 (0.73, 1.69) 0.62
Model 5 0.07 (-0.01, 0.15) 0.09 1.04 (0.68, 1.58) 0.86

Abbreviations: COVID-19, Coronavirus disease 2019; n, number of participants; B: beta coefficient from linear regression, OR: Odds ratio and 95% CI:

95% confidence interval.

Linear regression models presented using B (95% CI) tested the associations between COVID-19 status (no/yes) and post-COVID-19 cognitive

assessment (Z score: standardized change from pre-COVID-19 assessment).

Logistic regression models using OR (95% ClI) tested the associations between COVID-19 status (no/yes) and longitudinal post-COVID-19 cognitive
impairment (absence/presence) in the 5 cognitive domains assessed using <10" percentile performance for the cohort as a cut-off.

Model 1: crude model.

Model 2: adjusted by the respective cognitive domain performance at pre-COVID-19 (linear z-score), receipt of one dose of COVID-19 vaccine
(nol/yes), and time elapsed between COVID-19 status and post-COVID-19 cognitive assessment (in weeks).
Model 3: Model 2 + additional adjustments for intervention group allocation, recruitment center size (<250; 250-300, 300-400; >400 participants), sex,

educational level (primary school; secondary school; college) smoking status (smoker; former smoker; never smoker), pre-COVID-19 variables( (age
(years), marital status (single, divorced or separated; married; widower), body mass index (kg/m?), adherence to Mediterranean Diet score (on a 17-
point scale), physical activity (METs min/week), and alcohol intake (g/day, adding the quadratic term)).
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Model 4: Model 3+ additional adjustments for participants’ disease prevalence at enrollment (diabetes, hypertension hypercholesterolemia) and elevated
depressive symptomatology at pre-COVID-19 visit.

Model 5: uses a minimal adjustment identified using a directed acyclic graph (DAG). This model includes sex, intervention group allocation, educational
level (primary school; secondary school; college), smoking status (smoker; former smoker; never smoker), pre-COVID-19 variables (age (years), body
mass index (kg/m?), adherence to Mediterranean Diet score (on a 17-point scale), physical activity (METs min/week), and alcohol intake (g/day, adding
the quadratic term)), enrollment data on prevalence of diabetes( yes/no), prevalence of hypertension( yes/no), respective cognitive domain performance

at pre-COVID-19 (linear z-score), and receipt of one dose of COVID-19 vaccine at pre-COVID-19 visit (no/yes).

DISCUSSION

In a Spanish cohort of older adults with overweight/
obesity and MetS, we observed a small but significant
cognitive decline between pre- and post-COVID-19
assessments, consistent with evaluations from the UK
during the pandemic [25]. Nevertheless, contradicting
several previous studies, we found that COVID-19 itself
was not associated with cognitive decline or impairment
post-infection, and even noted a small positive association
for GCF with COVID-19 positive status, although
clinically irrelevant. Earlier studies were limited in their
ability to provide unbiased long-term estimates as they
oftentimes lacked suitable controls or baseline cognitive
scores, used hospitalized patients, self-reported cognitive
measures, or measured cognition shortly after COVID-19
infection [4—7]. Our post-infection cognitive assessments
were measured, on average, 1 year after diagnosis. Thus,
the lack of association between COVID-19 and cognitive
dysfunction documented here is likely to reflect the
natural resolution with time [6]. It should also be noted
that cognitive deficits were not detected in individuals
who had reported a full recovery from COVID-19 [26].
Given that all participants included in this analysis were
able to attend follow-up visits after COVID-19, it is
probable that most cases included here were mild to
moderate in severity and had a full recovery.

Our study aligns with recent recommendations for
robust post-COVID-19 cognitive dysfunction evaluation
[27]. We measured several cognitive domains using
culturally validated methodology at pre- and post-
COVID-19 visits, facilitating adjustment for individuals’
pre-COVID-19 data in both COVID-19-infected and
similar controls without evidence of infection. The use of
objective, validated, cognitive assessments is a particular
strength of this study. It has been noted that a reliance on
self-report instruments for the assessment of post-
COVID-19 evaluation of cognitive dysfunction can
produce skewed estimates due to the well-established
dissonance between subjective and objective cognitive
data. Additionally, utilizing the PREDIMED-Plus data
allowed for accounting of recognized confounders of
cognitive decline, and the analysis close to 1-year after
infection provides a comprehensive perspective.
Supplementary analyses including the use of post-
COVID-19 covariates and alternative definitions of
cognitive decline were consistent with the main findings,
attesting to the robustness of our analysis. However, we

acknowledge that we did not have data to account for
COVID-19 severity, hospitalization, or infection strain
which could determine post-COVID-19 sequalae [2, 4, 5].
Furthermore, we were unable to account for sleep duration
and quality in the analysis, which may be associated with
cognitive health, as we did not possess these data for the
entirce  PREDIMED-Plus cohort. Therefore, residual
confounding, while unlikely, cannot be discounted. The
small number of COVID-19 cases in this cohort, despite
reflecting the national prevalence at this time [28], could
make this analysis underpowered to detect small but
clinically significant differences in cognitive outcomes. It
is also likely that misclassification of cases could have
occurred as undiagnosed asymptomatic infections could
have been labelled as COVID-19-negative. However, we
also believe that this to have been highly unlikely as
strategies for COVID-19 testing were stringent in Spain
between 2020 and 2021, the period of COVID-19
ascertainment covered in this analysis. During this period,
Spain was attempting to increase COVID-19 vaccination
coverage and public health systems for COVID-19 testing
were robust. Also, as described earlier, we included
participants who attended both the pre-and post-COVID-
19 cognitive assessments. Hence, it is highly likely that
the analysis excluded those who developed severe
complications. Thus, caution is required when
extrapolating the results, as these findings may be
generalizable only to those with mild and moderate
COVID-19 who recovered without severe post-COVID-
19 complications.

We recognize that our participants were enrolled in a
lifestyle intervention program encouraging MedDiet in all
participants and additional behavioral strategies for
weight loss in the 1G [10]. This could have attenuated any
association of COVID-19 with cognition. It may also have
been interesting to study structural brain changes through
imaging studies to determine if changes in cognition
parallel with changes in brain structure or function.
However, current findings hold implications for public
health preventive strategies, particularly in the context of
documented detrimental lifestyle changes during COVID-
19 restrictions [29] and campaigns to fight the spread of
COVID-19 largely neglecting lifestyle improvement[29].
Considering the predicted increase in pandemics and the
aging populations worldwide, strategies promoting
healthy lifestyles could be crucial for public health.

In conclusion, among PREDIMED-Plus participants,
there was no long-term association between COVID-19
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status and cognitive decline or impairment. These
findings must be interpreted in the context of a clinical
trial that encouraged adherence to a healthy lifestyle, as
the absence of evidence does not represent evidence of no
effect.
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Abstract

Background. The coronavirus disease 2019 (COVID-19) has serious physiological and
psychological consequences. The long-term (>12 weeks post-infection) impact of COVID-
19 on mental health, specifically in older adults, is unclear. We longitudinally assessed the
association of COVID-19 with depression symptomatology in community-dwelling older
adults with metabolic syndrome within the framework of the PREDIMED-Plus cohort.
Methods. Participants (n = 5486) aged 55-75 years were included in this longitudinal cohort.
COVID-19 status (positive/negative) determined by tests (e.g. polymerase chain reaction
severe acute respiratory syndrome coronavirus 2, IgG) was confirmed via event adjudication
(410 cases). Pre- and post-COVID-19 depressive symptomatology was ascertained from
annual assessments conducted using a validated 21-item Spanish Beck Depression
Inventory-II (BDI-II). Multivariable linear and logistic regression models assessed the
association between COVID-19 and depression symptomatology.

Results. COVID-19 in older adults was associated with higher post-COVID-19 BDI-II scores
measured at a median (interquartile range) of 29 (15-40) weeks post-infection [fully adjusted
B=0.65 points, 95% confidence interval (CI) 0.15-1.15; p =0.011]. This association was par-
ticularly prominent in women (8 = 1.38 points, 95% CI 0.44-2.33, p = 0.004). COVID-19 was
associated with 62% increased odds of elevated depression risk (BDI-II > 14) post-COVID-19
when adjusted for confounders (odds ratio; 95% CI 1.13-2.30, p = 0.008).

Conclusions. COVID-19 was associated with long-term depression risk in older adults with
overweight/obesity and metabolic syndrome, particularly in women. Thus, long-term evalua-
tions of the impact of COVID-19 on mental health and preventive public health initiatives are
warranted in older adults.

Background

Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) evolved into a global pandemic since its emergence in 2019

Check for
updates
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(Guo et al,, 2022). Despite largely affecting the respiratory system,
COVID-19’s impact on the cardiovascular, gastrointestinal, and
neurologic systems has been recognized (Sparks et al, 2020).
Long-term physical and mental health consequences of
COVID-19 are increasingly understood as more data become
available (Lopez-Leon et al., 2021).

Depression is a potentially serious mental health consequence
of COVID-19, with its prevalence post-COVID-19 depending on
the individual’s age and the timing of depression assessment in
relation to the infection (Pano et al., 2021). While depression is
common in the acute 4-weeks post-infection, there are scarce
data on its long-term prevalence (>12 weeks after the diagnosis
of COVID-19) (Mazza et al., 2020; Renaud-Charest et al., 2021).
Recently, a meta-analysis determined the frequency of depressive
symptoms > 12 weeks post-infection in COVID-19-positive
men and women aged over 19 years, with varying degrees of
COVID-19 severity, including both hospitalized and non-
hospitalized populations and those with and without comorbid-
ities. In this heterogeneous group, the frequency of depressive
symptoms ranged between 11% and 28%, while clinically signifi-
cant depression and/or severe depressive symptoms affected
3-12% of the participants, at >12 weeks after COVID-19
(Renaud-Charest et al, 2021). While the long-term impact of
COVID-19 on depression in the general population may be
small, the effects appear to be severe in older age groups
(Klaser et al., 2021), specifically in older women and those with
prior depressive tendencies (Mazza et al, 2020; Meng et al,
2020; Renaud-Charest et al., 2021).

Older age and cardiometabolic risks increase susceptibility
to severe COVID-19 (Channappanavar & Perlman, 2020;
Mueller, McNamara, & Sinclair, 2020; Wee, 2021), and depres-
sion is more prevalent in those with metabolic syndrome and
diabetes (Dunbar et al., 2008; Khaledi, Haghighatdoost, Feizi,
& Aminorroaya, 2019). The mental health consequence of
COVID-19 in older adults with metabolic disturbances is of
specific concern because depression is associated with lower
adherence to treatment (Castro et al., 2021), poorer prognosis
(Dunbar et al., 2008; Khaledi et al., 2019), and higher risk of
mortality in community-dwelling older adults (Wei et al,
2019). While affecting mortality and quality of life in older
adults with high cardiometabolic risk, the long-term impact
of COVID-19 on depression symptoms will also represent a
burden for healthcare systems. Therefore, understanding the
impact of COVID-19 on older adults with comorbidities will
facilitate early identification and management of the mental
health sequelae of COVID-19 in this population. Existing
evidence on the topic is highly heterogeneous in terms of the
location, age, and sex of individuals and time of depressive
symptoms assessment post-COVID-19. Few studies include an
unexposed control group to quantify the impact of COVID-19
on depression (Renaud-Charest et al., 2021). These limitations
make it challenging to inform practice with existing
information.

Thus, we examined the association of COVID-19 with depres-
sive symptomatology in older adults with overweight/obesity and
metabolic syndrome enrolled in the PREDIMED-Plus trial in
Spain. We hypothesized that a positive diagnosis of COVID-19
would be associated with higher post-COVID-19 scores for
depressive symptoms in comparison to a COVID-19 negative sta-
tus. We also investigated if sex, time of post-COVID-19 depres-
sion assessment, and pre-existing depressive symptomatology
affected this association.

https://doi.org/10.1017/50033291723002313 Published online by Cambridge University Press

Methods
Study design and participants

This analysis involved older women and men enrolled in the
PREDIMED-Plus trial, a multicentre, randomized controlled
clinical trial in Spain (Martinez-Gonzalez et al, 2019).
PREDIMED-Plus is an existing longitudinal cohort of 6874
community-dwelling older adults with overweight/obesity and
metabolic syndrome. At enrolment, participants were free from
cardiovascular disease, cancers, major depressive disorder, and
other major chronic conditions. The trial aims to assess in this
cohort the effectiveness of an energy-reduced Mediterranean diet,
physical activity, and behavioural support intervention on the pri-
mary prevention of cardiovascular disease in comparison to an ad
libitum Mediterranean diet without advice to increase physical
activity or reduce energy intake. The ongoing trial began its recruit-
ment in 2013 and is scheduled to be completed in 2024. A detailed
study protocol has been published earlier (Martinez-Gonzalez et al.,
2019; Salas-Salvad¢ et al., 2018) (see supplementary methods).

The PREDIMED-Plus protocol has been approved by the insti-
tutional review boards of all participating centres in accordance
with the Declaration of Helsinki. All enrolled participants pro-
vided written informed consent. This study is registered at the
International Standard Randomized Controlled Trial (ISRCT;
http://www.isrctn.com/ISRCTN89898870).

The cohort has validated assessments of depression that were
obtained before the onset of the COVID-19 pandemic as well
as ongoing follow-up measurements. The PREDIMED-Plus data-
base also contains data on demography and clinical status that
could confound the relationship between COVID-19 and depres-
sion. Thus, the PREDIMED-Plus cohort provides a unique
opportunity to evaluate the association of COVID-19 with
depressive symptomatology in older adults with overweight/obes-
ity and metabolic syndrome.

Ascertainment of variables

Exposure: SARS-CoV-2 infection

For the primary analysis, the main exposure was a confirmed
COVID-19 event in a participant (positive/negative) as adjudi-
cated by the Clinical Event Ascertainment Committee of the
trial. The clinical event determination was based on the informa-
tion from participant medical records reviewed annually by the
participating physicians (CDC, 2020). Overall, 410 participants
in this analysis were COVID-19 positive. Participants who did
not have a confirmed/probable COVID-19-positive diagnosis
were considered COVID-19 negative (i.e. assumed to have not
experienced the infection). The COVID-19 status accordingly
established as a dichotomous variable (positive/negative) was
used to define the exposure.

A supplementary analysis was performed using a subsample
(n=3982) of the PREDIMED-Plus participants who had under-
gone serology testing with SARS-CoV-2 IgG ELISA Kits. These
tests obtained between 3 March 2020, and 25 December 2021,
classified participants as COVID-19 negative (n=3698)/
COVID-19 positive (n=287). COVID-19 status was accordingly
defined as a dichotomous predictor variable in the supplementary
analysis (see supplementary methods for details).

Outcome: depression assessment
Depression assessment in the PREDIMED-Plus. As per the
PREDIMED-Plus  protocol, participants’ complete annual
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assessments of depressive symptomatology were performed using
the validated 21-item Spanish version of the Beck Depression
Inventory-II (BDI-II) (Ferndndez, Valverde, & Perdigén, 2003).
Each item in the BDI-II has four possible answers with scores ran-
ging from 0 to 3 in accordance with symptom severity. Thus, the
sum total of the BDI-II score ranges between 0 and 63 points,
with higher scores indicating a higher propensity for depression.

Identifying pre- and post-COVID-19 measurements. From the
annual assessments of depressive symptomatology, a pre-
COVID-19 and a post-COVID-19 measurements were identified
for each participant based on their COVID-19 event status.
For COVID-19-positive participants, the last available BDI-II
assessment prior to the COVID-19 diagnosis date was ascertained
as the pre-COVID-19 measurement. In these participants, the
BDI-II score available from the first post-COVID-19 follow-up
visit was ascertained as the post-COVID-19 BDI-II score. For
COVID-19-negative participants, the date of identification of
the first COVID-19 case in Spain (31 January 2020) was used
as a hinge to identify BDI-II scores from comparable time points
as COVID-19-positive participants. Thus, in COVID-19-negative
participants, BDI-II scores from a visit before 31 January 2020
indicated pre-COVID-19 measurement and those from the
subsequent visit were used as post-COVID-19 measurement
(online Supplementary Fig. S1). The duration between pre- and
post-COVID-19 depression measurements and the time elapsed
from the COVID-19 event at post-COVID-19 depression
measurements were calculated in weeks. Time elapsed at
post-COVID-19 depression measurement was further categorized
as <12 weeks and >12 weeks to stratify the time-dependent effects
of COVID-19 on depression (Klaser et al., 2021; Renaud-Charest
et al,, 2021).

Categorizing post-COVID-19 depression risk as the outcome vari-
able. For the primary analysis, the post-COVID-19 BDI-II score
was used as a continuous outcome. BDI-II scores have also
been categorized to identify the risk of depression: scores 0-13
indicate minimal risk, and scores>14 identify elevated risk
(Becker, Steer, & Brown, 1996). For a secondary analysis, we cate-
gorized elevated depression risk accordingly and treated it as a
binary outcome. In addition, since a cut-off > 12 had an adequate
specificity index and diagnostic concordance and detects major
depressive episodes in 93% of Spanish individuals (Sanz
Ferndndez, 2013), a supplementary analysis using a cut-off > 12
was also conducted.

Assessment of confounder variables

Data on potentially relevant confounders were also obtained from
the PREDIMED-Plus database (See supplementary methods).
Pre-COVID-19 visit covariates used in the models included age
(years), marital status (levels: single/divorced, married or widow/
widower), adherence to the Mediterranean diet (er-MEDAS
score), alcohol consumption (g/day), total physical activity
(METs min/week), and body mass index (BMI; kg/mz). For
other confounders including sex (man/woman), education (<high
school, high school, and university), intervention group (A/B),
recruitment centre size (>400, 300-400, 250-300, and <250), smok-
ing status (never/former smoker/current smoker), the prevalence of
type 2 diabetes mellitus (yes/no), hypercholesterolemia (yes/no),
hypertension (yes/no), and cognitive performance [Mini-Mental
State Examination (MMSE) scores], and study baseline data were
used to reduce missing data. Since the time elapsed since

https://doi.org/10.1017/50033291723002313 Published online by Cambridge University Press

COVID-19 can impact depression assessments (Renaud-Charest
et al, 2021), this duration (weeks) was adjusted for confounding
in regression models. Since pre- and post-COVID-19 BDI-II scores
were highly correlated, pre-COVID-19 BDI-II scores were adjusted
as a covariate in all models.

Statistical analyses

The present analysis was conducted as a prospective cohort study
using the PREDIMED-Plus database with the COVID-19 event
status updated until 31 December 2021. All other data (depression
outcomes and confounder data) were sourced from the database
that was updated until 4 November 2022. This allowed for sour-
cing depression assessments before and after COVID-19 and
enabled the inclusion of both acute (<12 weeks) and long-term
(>12 weeks) associations of COVID-19 on depressive symptom-
atology. We included participants who had completed depression
questionnaire assessments both before and after the ascertain-
ment of COVID-19 event status.

In a preliminary cross-sectional exploration, we compared the
characteristics and the timing of depression assessment of
COVID-19-negative and positive participants using the Chi-Square
and Mann-Whitney U tests, as appropriate.

The primary analysis evaluated the longitudinal relationship of
COVID-19 on post-infection depression symptomatology (BDI-II
scores) using linear regression models, considering the
COVID-19-negative status as the reference category. In addition
to the unadjusted crude model, three other models were tested.
Model 1 adjusted for age, sex, education, marital status, interven-
tion group, recruitment centre size, pre-COVID-19 BDI-II scores,
and time since COVID-19 for depression assessments as confoun-
ders. Model 2 additionally adjusted for the presence of obesity
(BMI > 30 kg/m?), type 2 diabetes mellitus, hypertension, hyper-
cholesterolemia, and cognitive performance on recruitment to the
trial. Model 3 also adjusted for lifestyle factors including scores of
adherence to the Mediterranean diet, total physical activity levels,
smoking status, and alcohol consumption. Alcohol consumption
was used as a quadratic term in the model to accommodate for
a nonlinear relationship with the outcome. All analyses were con-
ducted with robust estimates of the variance to correct for
intracluster correlation. This procedure was used to control for
the allocation of household members into the same intervention
group without randomization.

A secondary logistic regression analysis using the same models
developed for the main analysis was performed with elevated
depression risk post-COVID-19 (BDI-II cut-off > 14) as a binary
outcome.

Furthermore, to negate over-adjustments, a directed acyclic
graph (DAG) (Textor, van der Zander, Gilthorpe, Liskiewicz, &
Ellison, 2016) was modelled (online Supplementary Fig. S2) and
a minimal adjustment set was identified for both the linear and
logistic regression models. This minimal model adjusted only
for pre-COVID-19 depression scores. An additional supplemen-
tary logistic regression analysis was undertaken using a BDI-II
score > 12 as the cut-off for elevated depression risk.

Effect modification of the association by potential confounders
[age group (<70 or >70 years), sex, intervention group, disease
conditions, and time elapsed post-COVID-19] was assessed by
introducing product terms in the multivariable model. Further,
sub-analyses that stratified results by factors that showed signifi-
cant interaction (sex, presence of pre-COVID-19 high depression
risk, and time elapsed post-COVID-19 during depression
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Participants enrolled in the
PREDIMED-Plus study
(n=6,874)

Excluded:
Participants without ascertained COVID-19 event status®

| (=0)
v
Participants with data on COVID-19
event
(n=6,874)
Excluded:
Participants without depression questionnaire
assessments before and after COVID-19 testing
e  Missing Pre COVID-19 BDI-Il (n=16)
> «  Missing Post COVID-19 BDI-Il (n=
1,387)

Total missing Pre or Post COVID-19 BDI-lI (n=
1,388)

A

Participants included in the primary analysis™
Pre- and post-COVID-19 BDI-Il score
(n=5,486)
. COVID-19-positive (n=410)
COVID-19-negative (n= 5,076)

Figure 1. Flow diagram for PREDIMED-Plus participants included in the analysis to evaluate the impact of COVID-19 on depression. BDI-Il, Beck Depression
Inventory-l; BMI, body mass index; COVID-19, coronavirus disease 2019; MMSE, Mini-Mental State Examination. *Analysis used COVID-19 event confirmation
data from the PREDIMED-Plus database updated until December 2021. bAnalysis used depressive and covariate assessments from the PREDIMED-Plus database
updated until November 2022. *Age, sex, education, intervention group, recruitment centre, smoking status, physical activity, adherence to the Mediterranean
diet, BMI, prevalence of baseline diabetes, hypertension, and hypercholesterolemia had no missing data for this analysis. Marital status: 12/5486 (0.2%) missing
data. Missing data were replaced with the mode of the variable for the cohort. Alcohol consumption: 15/5486 (0.3%) missing data. Missing data were replaced with
cohort mean consumption by gender (*men =17.47; women = 4.59 g/day). MMSE data: 135/5486 missing data (2.4%). No imputation was performed for missing

data.

assessments) were undertaken. Finally, supplementary linear and
logistic analyses were conducted in the sub-sample with serology
results to ascertain COVID-19 status.

Data were analysed using the Stata 14 software (StataCorp,
College Station, TX, USA), and statistical significance was set at a
two-tailed p value <0.05 (see supplementary methods for details).

Results

This analysis included a total of 5486 PREDIMED-Plus partici-
pants (51.7% men) with a median [interquartile range (IQR)]
age of 69.7 (7.4) years (Fig. 1). Table 1 shows their characteristics
stratified by COVID-19 event status. At the pre-COVID-19
visit, participants had a median (IQR) BDI-II score of 5 (8),
and these scores did not significantly differ by COVID-19
status. Approximately 14% of the participants included in this
analysis had elevated depression risk at the pre-COVID-19
visit with no significant difference in the prevalence between
COVID-19-positive and COVID-19-negative individuals. A

https://doi.org/10.1017/50033291723002313 Published online by Cambridge University Press

COVID-19-positive status was associated with the male
sex. COVID-19-positive participants were also more likely to
report having been former smokers. All other factors evaluated
were comparable in COVID-19-positive and COVID-19-negative
individuals at the pre-COVID-19 visit.

Post-COVID-19 depression assessments in COVID-19-
positive participants were on average assessed 23 weeks post-
infection. The duration between pre- and post-COVID-19 depres-
sion assessments was significantly shorter in COVID-19-positive
v. COVID-19-negative participants (p<0.001, Table 1).
However, the mean difference in duration between pre- and
post-COVID-19 depression assessments between those who had
and did not have the infection was <5 days.

Table 2 evaluates the longitudinal association of COVID-19 on
BDI-II scores over a median (IQR) duration of 29.4 (24.7) weeks
post-COVID-19 in the cohort. In the fully adjusted model,
SARS-CoV-2 infection was significantly associated with
post-COVID-19 BDI-II scores [ (95% confidence interval (CI))
0.65 (0.15-1.15), p=0.011].
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Table 1. Participant characteristics according to COVID-19 status

COVID-19 status

Full sample Positive Negative

Characteristics (n=5486) (n=410) (n=5076) p Value?
Sociodemographic data
Age at pre-COVID visit, years® 69.7 (7.4) 69.7 (7.6) 69.7 (7.3) 0.64
Men, n (%) 2836 (51.7) 239 (58.3) 2597 (51.2) <0.01
Education level, n (%)© 0.14

Less than high school 2730 (49.8) 188 (45.9) 2542 (50.1)

High school or equivalent 1560 (28.4) 118 (28.8) 1442 (28.4)

University 1196 (21.8) 104 (25.4) 1092 (21.5)
Civil status, n (%)° 0.43

Single or divorced 678 (12.4) 52(12.7) 626 (12.3)

Married 4135 (75.4) 316 (77.1) 3819 (75.2)

Widow/widower 673 (12.3) 42 (10.2) 631 (12.4)
Intervention group (Group B) 2649 (48.3) 195 (47.6) 2454 (48.4) 0.76
Lifestyle habits
Smoking habit, n (%)° <0.01

Never smoker 2477 (45.1) 163 (39.8) 2314 (45.6)

Former smoker 2352 (42.9) 205 (50.0) 2147(42.3)

Current smoker 657 (12.0) 42 (10.2) 615 (12.1)
17-item MedDiet score®®¢ 12(4) 12(4) 12(4) 0.97
Total physical activity, METs min/week® 2545 (2853) 2654 (3040) 2544 (2853) 0.75
Alcohol consumption, g/dayb’d 4.0 (11.3) 4.5 (12.6) 3.8 (11.3) 0.06
Anthropometry, clinical and cognitive data
BMI, kg/m?>¢ 31.4 (5.3) 317 (5.3) 31.3(5.3) 0.09
Obesity; BMI > 30, n (%)% 3515 (64.1) 275 (67.1) 3240 (63.8) 0.18
Diabetes, n (%)< 1621 (29.6) 122 (29.8) 1499 (29.5) 0.92
Hypercholesterolaemia, n (%)° 3842 (70.0) 272 (66.3) 3570 (70.3) 0.09
Hypertension, n (%)° 4591 (83.7) 330(80.5) 4261 (84.0) 0.08
MMSE scores®“® 29 (3) 29 (2) 29 (3) 0.31
Depression data
BDI-Il scores®®
Pre-COVID-19 5 (8) 4(8) 5 (8) 0.14
Post-COVID-19 5 (7) 5 (8) 5 (7) 0.62
Elevated depression risk, n (%)° 1077 (19.7) 71 (17.3) 1006 (19.9) 0.21
Elevated depression risk, pre-COVID-19, n (%)< 758 (13.8) 53 (12.9) 705 (13.9) 0.65
Elevated depression risk, post-COVID-19, n (%) 661 (12.1) 58 (14.2) 603 (11.9) 0.18
Time between pre- and post-COVID-19 depression measurements, weeks' 53.0 (51.0-55.1) 52.3 (50.0-54.6) 53.0 (51.1-53.3) <0.001
Time elapsed from COVID-19 at post-COVID-19 depression assessment, weeks' 29.4 (15-39.7) 22.7 (11.1-37.1) 30.7 (15.6-39.9) <0.001

BDI-II scores, Beck Depression Inventory-Il; BMI, body mass index; COVID-19, coronavirus disease 2019; IQR, interquartile range; MedDiet, Mediterranean diet; MMSE, Mini-Mental State
Examination.

Data are n (%) or median (IQR) for categorical and quantitative variables, respectively, unless specified.

2p Values for comparisons between groups were tested using the Mann-Whitney test (owing to the skewed nature of the distribution) or %, as appropriate.

PData are presented as median (IQR).

“Data are from study baseline.

9Data from pre-COVID-19 measurement.

®Notes on scales: BDI-Il Scores range between 0 and 63. Elevated depression risk is described as BDI-Il scores > 14. MMSE scores range between 0 and 30; the higher the scores greater the
cognitive performance. Possible MedDiet scores range between 0 and 17. Higher MedDiet scores represent higher adherence to the Mediterranean diet.

fDuration data are presented as median (25th-75th percentile).
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Table 2. Longitudinal association of COVID-19 status with post-infection depression assessments (BDI-Il scores)? in the PREDIMED-Plus cohort (8 [95% Cl])

Total (n=5486)

Men (n=2836) Women (n=2650)

Jis 95% CI p value Jis 95% ClI p value B 95% CI p value
Unadjusted crude model 0.19 —0.46 to 0.83 0.57 -0.20 —0.91 to 0.52 0.59 1.21 0.13-2.30 0.03
Model 1€ 0.70 0.21-1.19 0.01 0.07 —0.44 to 0.59 0.79 1.56 0.66-2.46 <0.01
Model 2 0.64 0.14-1.14 0.01 0.11 —0.41 to 0.63 0.67 1.40 0.47-2.34 <0.01
Model 3 0.65 0.15-1.15 0.01 0.13 —0.39 to 0.65 0.63 1.40 0.45-2.34 <0.01

BDI-Il, Beck Depression Inventory-Il; Cl, confidence interval; COVID-19, coronavirus disease 2019; MMSE,

Mini-Mental State Examination.

Linear regression model: exposure = COVID-19 status (positive or negative); outcome: post-COVID-19 BDI-II score. Reference category: COVID-19-negative status.
The crude model only uses COVID-19 status (positive or negative) as the predictor variable in the model.
Model 1: Adjusted for age, sex, education, marital status, intervention group, cluster randomization, recruitment centre size, pre-COVID-19 BDI-Il scores, and time since infection for

post-COVID-19 depression assessments.

Model 2: Model 1 in addition adjusted for the presence of obesity, diabetes mellitus, hypertension, hypercholesterolemia, and baseline cognition (MMSE scores).
Model 3: Model 2 in addition adjusted for adherence to Mediterranean diet scores, smoking status, physical activity, and alcohol consumption.
“Depression assessment from the first scheduled follow-up visit after COVID-19 was used to calculate post-COVID-19 BDI-Il scores.

5B (95% Cl) was calculated using linear regression models.

“Sex is included as a predictor for the analysis of the total sample in Model 1. A stratified analysis by sex was conducted to determine differences, if any, in the impact of COVID-19 on

depression measurements.

Table 3 summarises the positive association between a
SARS-CoV-2 infection and elevated depression risk
post-COVID-19 in this group of older adults at high cardiometa-
bolic risk. In the final model, COVID-19 was associated with a
62% increase in the odds of observing elevated depression risk
post-COVID-19 in the cohort [odds ratio (OR), 95% CI 1.13-
2.30, p=0.008].

These results remained unchanged in the supplementary ana-
lysis using a minimal adjustment model (online Supplementary
Analysis 1: Supplementary Table S1). In addition, the results of
logistic regression quantifying the longitudinal association
between = COVID-19 and  elevated  depression  risk
post-COVID-19 remained unchanged when the cut-off for
BDI-II to identify the heightened risk was lowered to 12 points
(online Supplementary Analysis 2, Supplementary Table S1).

Evaluation of interactions

Significant interactions (p < 0.01) with COVID-19 were observed
for sex and the presence of pre-COVID-19 elevated depression
risk (online Supplementary Fig. S3). Fully adjusted predicted
post-COVID-19 BDI-II scores and probabilities of elevated
depression risk in the stratified sub-analysis undertaken for
these factors are visualised in online Supplementary Fig. S4.

Sex

At the pre-COVID visit, 68% of the participants who exhibited
depressive symptomatology were women (p < 0.001). In women,
a positive COVID-19 event was associated with an increase
in BDI-II scores measured post-COVID-19 [B (95% CI)
1.38 (0.44-2.33), p=0.004, Table 2] in the fully adjusted
model. Similarly, a positive COVID-19 status in women was asso-
ciated with an 82% increase in heightened depression risk
post-COVID-19, even when controlled for potential confounders
including pre-COVID-19 BDI-II scores (OR, 95% CI 1.17-2.86;
p=0.008, Table 3). However, these associations were not signifi-
cant in men.

Elevated depression risk pre-COVID-19
Elevated depression risk pre-COVID-19 was positively associated
with a similar assessment at the post-COVID-19 visit.
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Approximately 50% (n=377) of those who recorded BDI-II
scores >14 (n=758) and 6% (n =284) of those who scored <14
at the pre-COVID-19 visit exhibited elevated depression risk at
their post-COVID-19 visit. Table 4 stratifies the prospective asso-
ciation between SARS-CoV-2 infection and elevated depression
risk post-COVID-19, by pre-COVID-19 depression risk levels.
In individuals with BDI-II scores <14 at the prior visit, a positive
COVID-19 event was associated with a 72% increase in the risk of
elevated depression post-COVID-19, in the fully adjusted model
(OR, 95% CI 1.17-2.62; p =0.008, Table 4).

A significant interaction was also observed between the timing
of depression assessment and COVID-19 status ( p < 0.05). Results
stratified by timing of post-COVID-19 depression assessment are
shown in online Supplementary Table S2. While the directionality
of the relationship between a COVID-19-positive status and
depression scores remained consistent, these associations were
statistically significant only among participants who had their
depression assessment conducted after 12 weeks following
COVID-19 diagnosis (COVID-19-positive participants) or after
12 weeks following the first confirmed case of COVID-19 in
Spain (COVID-19-negative participants).

In the replication analysis in the subsample with serology
results to confirm COVID-19 status, the directionality of the
results remained unchanged. However, the association was no
longer statistically significant (n=3801, 284 cases of
COVID-19) (online Supplementary Table S3).

Discussion

We examined the association of COVID-19 with depressive
symptomatology in older adults with overweight/obesity and
metabolic syndrome enrolled in the PREDIMED-Plus trial in
Spain. Spain with an increasingly ageing population was among
the European countries most affected by the pandemic (Pollan
et al,, 2020). COVID-19 was associated with a small but signifi-
cant and persistent increase in post-infection depression scores
in this population. These findings add to the existing global evi-
dence on the mental health consequences of COVID-19 (Deng
et al, 2021; Klaser et al, 2021; Meng et al, 2020;
Renaud-Charest et al., 2021).
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Table 3. Longitudinal association between COVID-19 status and post-infection elevated depression risk in the PREDIMED-Plus cohort [OR (95% Cl)]
Depressive symptomatology Total (n=5486) Men (n=2836) Women (n=2650)
OR? 95% Cl p Value OR? 95% Cl p Value OR? 95% Cl p Value

Unadjusted crude model 1.22 0.91-1.63 0.18 1.11 0.68-1.81 0.69 1.47 1.01-2.13 0.04
Model 1° 1.67 1.19-2.34 <0.01 1.40 0.78-2.50 0.26 1.92 1.26-2.95 <0.01
Model 2 1.59 1.11-2.27 0.01 1.36 0.74-2.49 0.32 1.82 1.16-2.84 <0.01
Model 3 1.62 1.13-2.30 <0.01 1.38 0.76-2.53 0.30 1.83 1.17-2.87 <0.01

BDI-II scores, Beck Depression Inventory-Il; COVID-19, coronavirus disease 2019; Cl, confidence interval; MMSE, Mini-Mental State Examination; OR, odds ratio.
Logistical regression model: exposure = COVID-19 status (positive or negative); outcome = elevated depression risk post-COVID-19. Reference category: COVID-19-negative status.
Model 1: Adjusted for age, sex, education, marital status, intervention group, cluster randomization, recruitment centre size, pre-COVID-19 BDI-II scores, duration post-COVID-19

measurements.

Model 2: Model 1 additionally adjusted for the presence of obesity, diabetes mellitus, hypertension, hypercholesterolemia, and baseline cognition (MMSE scores).
Model 3: Model 2 additionally adjusted for adherence to Mediterranean diet scores, smoking status, physical activity, and alcohol consumption.

?OR (95% Cl) was calculated using logistic regression models.

bSex included as a predictor for the analysis of the total sample in Model 1. A stratified analysis by sex was conducted to determine differences, if any, in the impact of COVID-19 on

depression measurements.

“Elevated depression risk is defined as BDI-Il score > 14, absence of elevated depression risk as BDI-Il score < 14. Depression assessment from the first scheduled follow-up visit after the

COVID-19 infection was used to categorize post-COVID-19 depressive symptomatology.

Post-infection increases in depressive symptomatology asso-
ciated with infections that have a prolonged convalescence have
biological and psychological bases (Kim, Yoo, Lee, Lee, & Shin,
2018). Biologically, the escalation of depressive symptoms after
COVID-19 stems from increased inflammation (Lyra e Silva,
Barros-Aragio, De Felice, & Ferreira, 2022; Mazza et al., 2020).
COVID-19 is a hyperinflammatory disease with systemic and
brain inflammation, leading to acute and persistent neurological
and psychological disturbances (Lyra e Silva et al, 2022).
COVID-19 could also be a stress-inducing traumatic event, and
patients who experience traumatic events are known to have
higher inflammation markers (Fernandez-Sevillano et al., 2022).

Proinflammatory cytokines are associated with the development
of depression, irrespective of baseline scores, indicating that
inflammation temporally precedes and increases the depression
risk (Martinez-Cengotitabengoa et al, 2016). In addition, the
increased depression risk in Middle East Respiratory Syndrome
(MERS) patients quarantined in the hospital was ascribed to psy-
chological factors including tension, fear, anger, mistrust, uncer-
tainty, and depressed mood due to the infection itself and the
subsequent isolation during quarantine (Kim et al., 2018), socio-
economic and family consequences. These mechanisms could col-
lectively explain the association of COVID-19 with increased
depressive symptomatology. In addition, the pandemic nature of

Table 4. Longitudinal association between COVID-19 status and depressive symptomatology in the PREDIMED-Plus cohort, stratified by depression risk at

pre-COVID-19 assessment (OR? or A° coefficients and 95% CI)

Elevated depression risk at pre-COVID-19 visit (n=758)

Minimal risk at pre-COVID-19 visit (n =4728)

Effect size 95% Cl p Value Effect size 95% Cl p Value

Post COVID BDI-II scores [B (95% CI)]®

Unadjusted crude model —-0.10 —2.47 to0 2.26 0.93 0.33 —0.19 to 0.86 0.21

Model 1 0.27 —1.92 to 2.45 0.81 0.53 —0.02 to 1.08 0.06

Model 2 —0.06 —2.37 to 2.25 0.96 0.48 —0.08 to 1.03 0.09

Model 3 0.17 —2.78 to 2.52 0.90 0.50 —0.05 to 1.05 0.08
Depressive symptomatology post-COVID19 [OR (95% CI)]®

Unadjusted crude model 0.97 0.56 to 1.70 0.92 1.61 1.09 to 2.36 0.02

Model 1 1.00 0.56 to 1.79 1.00 1.78 1.19 to 2.65 <0.01

Model 2 0.87 0.47 to 1.61 0.66 1.73 1.15 to 2.60 <0.01

Model 3 0.92 0.49 to 1.72 0.78 1.74 1.16 to 2.62 <0.01

BDI-II scores, Beck Depression Inventory-Il; COVID-19, coronavirus disease 2019; Cl, confidence interval; MMSE, Mini-Mental State Examination; OR, odds ratio.
Elevated depression risk is defined as BDI-Il score > 14, minimal depression risk as BDI-Il score < 14. Depression assessment from the first scheduled follow-up visit after the COVID-19

infection was used to evaluate post-COVID-19 depressive symptomatology.
Reference category: COVID-19-negative status.

Model 1: Adjusted for age, sex, education, marital status, intervention group, cluster randomization, recruitment centre size, pre-COVID-19 BDI-Il scores, and time since infection for

post-COVID-19 depression assessments.

Model 2: Model 1 additionally adjusted for the presence of obesity, diabetes mellitus, hypertension, hypercholesterolemia, and baseline cognition (MMSE scores).

Model 3: Model 2 additionally adjusted for adherence to Mediterranean diet scores, smoking status, physical activity, and alcohol consumption.

B coefficient (95% Cl) was calculated using linear regression models. Exposure = COVID-19 status (positive or negative); outcome: post-COVID-19 BDI-II scores.

POR (95% Cl) was calculated using logistic regression models. Exposure = COVID-19 status (positive or negative); outcome = elevated depressive risk post-COVID-19 (yes/no).
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the COVID-19 outbreak and the widespread adoption of public
health measures could have compounded the association of
COVID-19 with depressive symptoms. Therefore, it is likely that
the magnitude of the impact of COVID-19 on mental health,
specifically among the vulnerable including older adults, is
more prominent in comparison to common acute illnesses.

While the association between COVID-19 and depression
risk was statistically significant, the effect size was small, and
hence, its clinical significance is debatable. Nevertheless, the effect
of COVID-19 on depressive symptoms is in line with the repeated
calls for mental health interventions in older adults, particularly
in older women surviving COVID-19 (Mazza et al., 2020; Meng
et al., 2020; Renaud-Charest et al., 2021). Moreover, contrary to
the existing understanding that prior mental health conditions
make individuals particularly vulnerable to the psychological
impact of COVID-19 (Mazza et al, 2020; Meng et al., 2020;
Renaud-Charest et al.,, 2021), we found that COVID-19 was sig-
nificantly associated with elevated depressive risk post-infection
in PREDIMED-Plus participants without a similar risk at the
pre-COVID-19 visit. These results provide new insights into the
need for holistic management of COVID-19 in older adults
who were more vulnerable to infection and had poorer survival
rates in the initial phases of the pandemic, owing to senescence
and comorbidity-related changes in the immune system
(Mueller et al., 2020). Aging attenuates coping strategies (Meng
et al.,, 2020), while self-awareness of the aging-related increased
the risk of mortality from the pandemic and poorer coping
tendencies could contribute to increased and persistent depressive
tendencies in older adults experiencing COVID-19. Furthermore,
poorer physical health increases the risk for poorer mental health
post-COVID-19 (Robinson, Sutin, Daly, & Jones, 2022). Hence,
among older adults at high cardiometabolic health risk, preventive
mental health interventions to manage depressive symptomatol-
ogy may be required irrespective of pre-COVID-19 mental health
status.

Previous reports suggest that the mental health effects of
COVID-19 are transitory and attenuate 12 weeks after the infec-
tion (Klaser et al., 2021; Renaud-Charest et al., 2021). However,
we found no evidence to support this contention. The observed
lack of significance of the results in the group with
post-COVID-19 assessments conducted within 12 weeks of the
date of infection could be due to insufficient statistical power in
this group. Nevertheless, consistent results in the group that
had their depression assessments performed 12 weeks or later
after SARS-CoV-2 infection confirms that COVID-19 posed an
extended mental health risk in this group of older adults with
heightened metabolic risks, even in the absence of depression in
pre-COVID-visits.

We could attribute this extended mental health consequence of
COVID-19 to both the physiological consequences of COVID-19
and the prolonged lockdown instituted as public health measures
to stem the spread of the disease. However, we have recently
shown, albeit in a sub-sample of this cohort, that the lockdown
was not associated with an increase in depressive symptomatology
(Paz-Graniel et al., 2023). Thus, it is highly likely that the persist-
ent depressive symptomatology seen in this group is predomin-
antly a consequence of the disease. These findings reemphasize
that COVID-19-induced increases in depressive symptoms
could be larger and more persistent in comparison to smaller
changes observed for anxiety disorder symptoms and overall
mental health functioning measures (Robinson et al., 2022).
With the increasing concern over ‘Long-COVID’, it is important

https://doi.org/10.1017/50033291723002313 Published online by Cambridge University Press

to further monitor the long-term psychological impact of
COVID-19 in older adults, specifically concerning depressive
symptoms, even in the absence of depression in
pre-COVID-visits.

Our study has limitations. First, BDI-II scores were self-
reported and are not interpreted as a bonafide diagnosis of the
presence/absence of depression. Nevertheless, BDI-II has been
validated and used widely in Spain with sufficient specificity to
identify individuals at the heightened risk for depression (Sanz
Ferndndez, 2013). Second, while social and economic outcomes
of the pandemic contribute to depression post-COVID-19
(Renaud-Charest et al., 2021), this analysis did not account for
regional variation in lockdown severity and its economic/social
consequences. We believe that with adjustments for the recruit-
ment centre size and education, we could have partially accounted
for these factors. Third, some COVID-19-negative patients may
have had asymptomatic infections that went undiagnosed, result-
ing in misclassification of cases. This is unlikely because we scru-
tinized all medical records during 2020 and 2021 when public
health strategies for COVID-19 testing were stringent as the
nation was in the process of maximizing vaccination coverage.
We also recognize that protecting the integrity of the main trial
precludes obtaining updated data for covariates such as the preva-
lence of diabetes, hypercholesterolemia, or hypertension for this
analysis. However, the minimal adjustment model shows that
the association may be independent of these variables.
Furthermore, the results from the sub-sample with positive ser-
ology go in the same direction as the primary analysis, suggesting
minimal effects of misclassification on this analysis. Finally, this
analysis uses data from participants in a clinical trial and may
not be widely generalizable.

Nevertheless, this analysis adds strong data to the existing evi-
dence on the mental health sequelae of COVID-19 in a vulnerable
group of older adults with overweight/obesity and metabolic syn-
drome. The sufficiently large PREDIMED-Plus cohort with
scheduled data assessments from before the onset of the pan-
demic and after helps establish the impact of COVID-19 on
depressive symptomatology in the cohort while adjusting for the
time for depression determinations, an important confounder of
this relationship (Renaud-Charest et al., 2021). Furthermore, the
similar time frame within which the pre- and post-COVID-19
assessments were obtained in all participants controls for many
extraneous factors that could have increased the depression risk,
independently of infection status. Moreover, COVID-19 event
adjudication was performed by an independent committee
removing any potential bias in the ascertainment of cases.
Supplementary analyses using a lower cut-off for depression risk
and serology results from a sub-sample confirmed the direction-
ality of the results from the main analysis. Finally, we believe that
the identification of a minimal adjustment set using a DAG to
investigate the relationships involved in this analysis also removes
concerns of over-adjustments in the models.

Our analyses do not consider vaccination status and type, the
severity of COVID-19 infection, the infection strain or the treat-
ment modality used, or the need for hospitalization among the
COVID-19-positive participants. However, current evidence for
the impact of these factors on post-COVID-19 depressive symp-
toms is inconsistent (Chen, Aruldass, & Cardinal, 2022; Mazza
et al.,, 2020; Renaud-Charest et al., 2021). It is possible that the
severity of COVID-19 in the early days of the pandemic differed
from those that occurred later. We found that while several of the
strains reported in 2020 and 2021 caused severe infections, the
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omicron variant reported after November 2021 produced milder
disease. However, only 46 cases in our cohort were diagnosed
after November 2021, and we do not possess data on strain
causing COVID-19 in our cohort to tease out these effects.
Also, vaccination in Spain started on 27 December 2020, and
the possibility that it might have influenced depression outcomes
is restricted to approximately 4% of our population who had
received at least one dose of the vaccine at the time of
post-COVID-19 depression measurements. Nevertheless, consid-
ering these factors in future analyses will facilitate identifying
sub-groups that would specifically benefit from mental health
interventions. We also propose that future studies investigate
the trajectory of depressive symptoms in COVID-19 patients
using repeated measurements post-infection. Such an evaluation
will help better understand the time-dependent mental health
effects of COVID-19.

Implications for practice

Overall, our findings support a call for mental health interven-
tions to tackle increased depressive tendencies post-COVID-19
infection in older adults, particularly in women. Furthermore,
in this Spanish cohort of older adults with overweight/obesity
and metabolic syndrome, the association between COVID-19
and depressive symptoms was persistent and observable after 12
weeks post-COVID-19. Importantly, strategies to mitigate depres-
sion should be extended to older adults with cardiometabolic
health risks, who do not exhibit heightened depressive symptom-
atology prior to a SARS-CoV-2 infection.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/50033291723002313.
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In this section we discuss the findings of the seven manuscripts included in the results
section of the current doctoral thesis. The discussion section comprises a general
discussion and an evaluation of the strengths and limitations of the reported

investigations.

One of the primary areas of focus in the general discussion is the role of impulsivity in
increasing the incidence of type 2 diabetes and cardiovascular disease events, with a
particular emphasis on its relationships with dietary patterns and potential interaction and
mediation effects. Additionally, glycemic-related dysregulations were observed to
contribute to increased impulsivity. In light of these findings, a potential detrimental
feedback loop between impulsivity and poorer glycemic status is further discussed,
providing a potential rationale for the mechanisms underlying this suggested vicious
cycle. Furthermore, associations between glycemic dysregulations and cognitive decline
are presented. Finally, an overview of the associations between positive COVID-19 cases

and cognitive function, as well as depressive symptomatology, is provided.
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GENERAL DISCUSSION

The main findings of Chapter 2 and Chapter 3 suggest that higher trait impulsivity is
associated with an increased risk of developing cardiovascular disease and type 2
diabetes, respectively. These associations were assessed over a median follow-up period
of eight years in approximately 50,000 adult participants from the general French
population. The results of Chapter 1 indicate that trait impulsivity was positively
associated with adherence to unhealthy dietary patterns and inversely with healthy dietary
patterns, with diet being a recognized risk factor for type 2 diabetes and cardiovascular
disease.

Personality traits are supposed to determine a specific range of behaviors from all the
possible actions that can be performed in response to a particular stimulus?®?%, such as
palatable food?%. This further interacts with the concrete mood of the individual and the
specific environmental and situational cues that are present at the time the behavior is
performed*®262% Accordingly, personality traits are hypothesized to precede behaviors,
and consequently the onset of noncommunicable chronic diseases!?1%42, Type 2 diabetes
and cardiovascular disease are among the leading causes of noncommunicable disease
prevalence and mortality worldwide!3%%¢ and personality traits have been proposed to
be important characteristics that influence the risk of developing these chronic
diseases''®42, In line with this, although higher levels of the personality trait of
impulsivity have been associated with poor glycemic status and increased cardiovascular
disease risk through elevated HbA1c levels and unhealthy lifestyle behaviors?>%"°%80  the
potential relationships between trait impulsivity and the risk of developing an incident
type 2 diabetes or cardiovascular disease event has never been examined prior to the

current work.

As the manuscript examining the relationship between trait impulsivity and the
prospective risk of developing type 2 diabetes was published close to the presentation of
this dissertation, no additional findings were reported in the scientific literature. A similar
pattern was observed in the manuscript assessing relationships between trait impulsivity
and incident cardiovascular disease, which is currently being submitted to a peer-
reviewed journal. Consequently, the discussion of Chapter 2 and Chapter 3 in the Results
section of the present doctoral thesis provide an up-to-date comparison with previous
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related research and proposed mechanisms. However, a brief and overall description of

potential pathways is detailed below.

Potential shared mechanisms explaining the findings reported in Chapter 2 and Chapter
3 could be based on the mind-heart-body framework, the neural substrates of impulsivity,
and impulsivity-related neurotransmitters. The mind-heart-body framework states that
these three components are interconnected, and that psychological factors such as
personality traits may have an influence on the heart and the body*?. This provides a
theoretical framework for examining the associations of trait impulsivity with
cardiometabolic risk. Indeed, some neural brain areas underlying impulsivity, such as
limbic and prefrontal cortex regions3#2%6.267 have been shown to be linked to
neuroendocrine signals to the heart and vasculature and vice versa®®. Furthermore, the
hypothalamus contains glucose-sensing neurons and is postulated to interact in the
regulation of glucose homeostasis?®®, in which impulsivity seems to play a role in these
interplays?’®. With regard to neurotransmitters, serotonin and dopamine, which are related
to impulsivity?’*, have been shown to interact with heart muscles affecting heart rate
variability and glucose metabolism?’2-2"°, Indeed, serotonin and dopamine receptors have
been proposed as potential therapeutic targets for individuals with diabetes and
cardiovascular disease?’>2">. However, the potential benefits of targeting these receptors

to improve cardiometabolic health remain to be fully explored.

The onset of type 2 diabetes and cardiovascular disease is influenced by a variety of
factors, including sociodemographic, lifestyle, history of disease, and medication
uset*21¥7 Additional mechanisms related to the findings of Chapter 2 and Chapter 3 may
involve trait impulsivity idiosyncrasies such as a tendency to act rashly in response to
emotional states, deficits in attention and planning, and a propensity for risky and
unpredictable behavior®?269.262 previous research has linked impulsivity to an increased
occurrence of risk factors associated with type 2 diabetes and cardiovascular
disease?4254546:56.276-284 ¢ qgesting that impulsivity not only directly elevates the risk of
these diseases but also indirectly influences their incidence by promoting behaviors that
exacerbate cardiometabolic risk factors. Within this rationale, the findings of Chapter 3
found a positive mediation effect of body mass index on the relationship between trait
impulsivity and incident type 2 diabetes. Interestingly, the findings of Chapter 2 reveal
that individuals with type 2 diabetes and lower impulsivity exhibited a protective effect
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by reducing the incidence rates of cardiovascular disease. These direct and indirect
associations are illustrated in Figure 13.

Figure 13. Relationships of trait impulsivity with type 2 diabetes and cardiovascular risk
factors and incidence.
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Note: The solid lines represent the findings reported in Chapter 2 and Chapter 3. The
dashed lines indicate a potential indirect pathway from trait impulsivity to an increased
risk of developing type 2 diabetes and cardiovascular disease through an increased
occurrence of type 2 diabetes and cardiovascular disease risk factors. The bibliographic
references supporting the associations of the dashed lines can be found in the
Supplementary Online Material of Chapter 2 for cardiovascular disease and in Chapter 3
for type 2 diabetes. Additionally, detrimental associations between trait impulsivity and
adherence to dietary patterns were described in Chapter 1 and indicated by the symbol:
#. Moreover, a detrimental mediating effect of body mass index between trait impulsivity
and incident type 2 diabetes was reported in Chapter 3 and indicated by the symbol: §.
Furthermore, an interaction effect of type 2 diabetes prevalence between trait impulsivity
and incident cardiovascular disease was reported in Chapter 2 and indicated by the
symbol: 7.

Another potential indirect pathway between impulsivity and the risk of developing type
2 diabetes and cardiovascular disease is supported by the findings presented in Chapter
1. This work showed associations between trait impulsivity and adherence to dietary
patterns over a three-year follow-up period in a cohort of more than 450 Spanish older
adults at high risk of cardiovascular disease. Specifically, increases in trait impulsivity
were associated with increases in adherence to the Western diet. This unhealthy dietary

pattern has been linked to an elevated risk of developing chronic diseases?!, while a
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decreased adherence has been associated with an enhanced state of health?”1%, These
results are in line with previous cross-sectional studies®®?” and recent research showing
that a high energy intake exacerbated the genetic susceptibility to impulsivity?®. These
results may be explained due to some individuals may perceive the consumption of
desirable foods, which often have a nutritionally deficient profile, as a challenge. This
phenomenon has led to the emergence of the term “food addiction”, in which impulsivity
has been identified as a pivotal factor due to its intrinsic connection to reward
sensitivity?®®?8_ Individuals with high impulsivity often experience difficulties in
delaying immediate urges, which may contribute to the development of food addiction
and unhealthy dietary habits, thereby partially explaining the findings of our study.
Remarkably, we observed an interaction effect by intervention group in the associations
between trait impulsivity and four healthy dietary patterns. In the framework of the
PREDIMED-Plus study, in which this research was performed, both the control and
intervention groups received an active intervention. However, the control group was
provided with “ad libitum” Mediterranean diet recommendations, whereas the
intervention group was further encouraged to adhere to an energy-restricted
Mediterranean diet and to engage in increased physical activity, together with more
regular visits with dietitians. When results were stratified, it was observed that individuals
in the intervention group with high impulsivity had lower adherence to healthy plant-
based diets. These unfavorable relationships were not found in the control group. This
interaction effect suggests that individuals with elevated impulsivity may encounter
difficulties in adhering to healthy plant-based diets when undergoing an intensive

multidomain lifestyle intervention.

In summary, the findings of Chapter 1, Chapter 2, and Chapter 3 have contributed to the
existing corpus of evidence by indicating first-time prospective associations between trait
impulsivity, adherence to dietary patterns, and the incidence of type 2 diabetes and
cardiovascular disease. These findings suggest that trait impulsivity represents a
psychological risk factor that should be considered in the development of strategies aimed
at preventing cardiometabolic diseases. Furthermore, dietary intervention programs for
the prevention of these chronic diseases should consider that individuals with higher

levels of impulsivity may encounter challenges in following healthy diets.
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The main findings of Chapter 4 indicate that several glycemic-related dysregulations
were prospectively associated with increased impulsivity in an adult older Mediterranean

population having high cardiovascular risk.

The manuscript presented in Chapter 4 was contemporaneous with the presentation of
this doctoral thesis, and new evidence studying these associations was not yet available
in the scientific literature. Therefore, the discussion in the corresponding Results section
remains up-to-date. Remarkably, this scientific paper suggests a potential detrimental
positive feedback loop between facets of impulsivity and glycemic dysregulations, with
a detailed rationale for the underlying mechanisms provided below.

The current state of research on this topic primarily focuses on studying associations, and
therefore establishing causal relationships from glycemic dysregulations to increased
impulsivity, or vice versa, is challenging. Nevertheless, evidence from observational and
review studies demonstrated correlations between insulin-related and glucose levels, the
presence of type 2 diabetes, the management and control of type 2 diabetes, and
assessments of trait and/or behavioral impulsivity across both healthy and
cardiometabolically unhealthy populations?>°9:60.84.8587-89.288-292 - Accordingly, although
not all studies supported these findings*®*1, there appears to be a reciprocal relationship
between poor glycemic status and heightened impulsivity. Moreover, the findings of
Chapter 3 and Chapter 4 provide additional support for the hypothesis that this potential
vicious cycle exists. Specifically, these investigations indicate that higher levels of
impulsivity were associated with an increased risk of developing type 2 diabetes, as well
as HbAlc levels, type 2 diabetes, and poor diabetes control were positively associated

with increases in impulsivity facets.
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Figure 14. Potential mechanisms underlying the proposed detrimental feedback loop
between impulsivity and glycemic dysregulation.
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Figure 14 illustrates some of the potential mechanisms that may explain the suggested
detrimental feedback loop between facets of impulsivity and glycemic dysregulations.
Firstly, impulsive characteristics (see Figure 1) may directly influence glucose
impairments, but may also indirectly contribute to a poor glycemic status resulting from
the adoption of unhealthier lifestyle factors, as it was displayed in Figure 13. Some of
these indirect pathways can be through characteristic unhealthy dietary choices of
individuals with higher impulsivity®>°6:1272% |n fact, the interplay between impulsivity,
food addiction, emotional eating, and increased susceptibility to the reward system,
particularly through dopaminergic action in the nucleus accumbens, has been proposed
as crucial in explaining how impulsivity can lead to overeating, poor dietary habits, and
obesity?86:287.294-2% \which may subsequently increase the risk of glycemic impairments.
Indeed, the results of Chapter 1 are at least partially aligned with these explanations. In
addition, Chapter 3 identified a pathway whereby heightened impulsivity results in an
elevated body mass index, which in turn increases the risk of developing type 2 diabetes.
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This unfavorable mediation effect of body mass index in the associations between
impulsivity and incident type 2 diabetes may be explained by idiosyncratic impulsivity
features (see Figure 1), in which brain neural pathways underlying impulsivity seem to
play an important role in weight gain and glycemic impairments?®®?%’. Secondly, the
bidirectional relationship between impulsivity and glycemic dysregulations can be
sustained under the scope of psychoneuroendocrinology. The hypothalamus has been
linked to impulsivity, and its role in hormone release is crucial in regulating behaviors
that may contribute to glycemic impairments*227029%-301 ' Eyrthermore, the hypothalamus
is also susceptible to insulin and glucose action?%9302-304  Accordingly, and within the
broader context of mind-heart-body interconnectivities*?, hypotheses may be formulated
regarding reciprocal associations between trait impulsivity, hypothalamic action in
hormone release, impulsive behaviors, and glycemic dysregulations. It is important to
note that this is a speculative potential mechanism, although its plausibility is supported
by current literature, which may promote new research lines in the future. Finally,
glycemic dysregulations may modulate impulsivity through brain cell damage. Insulin
resistance and its subsequent hyperglycemia has been found to be associated with
deleterious effects on endothelial function and oxidative stress, and the presence of type
2 diabetes has been linked to brain atrophy and neurodegeneration%>-3%,

The principal findings of Chapter 5 indicate that multiple glycemic dysregulations were
associated with a decline in cognitive function over a two-year follow-up period in

Spanish older adults who were at high risk of cardiovascular disease.

Our findings are aligned with subsequent evidence that emerged after the publication of
our manuscript3®®-312_ Insulin receptors and components of the insulin signaling pathway
are distributed throughout the brain, particularly in regions associated with cognitive
function®=. In addition, insulin resistance results in hyperglycemia, which in turn leads
to impaired brain function via the accumulation of advanced glycation end products,
glucose neurotoxicity, and oxidative stress®4. Indeed, a recent systematic review
including participants without metabolic syndrome or diabetes found that high blood
glucose levels were associated with greater amyloid burden, brain atrophy, and reduced
cortical thickness®®®. However, this systematic review stated that in these cardiometabolic
healthy populations, the associations between blood glucose levels and cognitive
dysfunction were inconclusive®®. In contrast, another recent systematic review reported

that participants with metabolic syndrome exhibited a decline in global cognitive
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function, although these associations were less pronounced when examining specific
domains®°, However, the corpus of evidence demonstrates a robust relationship between
prevalent type 2 diabetes and poor diabetes control with cognitive decline and
impairment®'1312, For example, the hypothesis that brain insulin resistance may lead to
Alzheimer's disease has been termed “diabetes-related cognitive dysfunction” or “type 3
diabetes™31>31%_ In general, the results of our study indicated comparable findings to those
just reported. However, our investigation showed a borderline association between poor
glycemic control and global cognitive function in participants with type 2 diabetes over
a two-year period. This finding may suggest that longer time periods may be required to
elucidate these detrimental associations, as observed by other investigations with longer

follow-ups808L317.318

In summary, the evidence suggests that as glycemic dysregulation becomes more
pronounced, the relationship between these heightened cardiometabolic disturbances and
cognitive dysfunction becomes more consistent. This highlights the importance of
assessing glycemic status to evaluate the intrinsic harmful effect of glycemic
dysregulation, which in turn elevates cardiometabolic impairments and related
comorbidities, such as cognitive impairments that may ultimately lead to dementia.

The primary conclusion of Chapter 6 is that individuals who experienced COVID-19 did
not develop cognitive decline or impairment. In contrast, Chapter 7 indicates that those
who experienced COVID-19 exhibited increased depressive symptomatology and
heightened risk of developing depression. These associations were observed in over 5,000

older adults living in Spain who were at high risk for cardiovascular disease.

Both manuscripts were recently published, and as COVID-19 is a recent topic of
investigation, contemporary research is included in this discussion. In relation to
cognitive function, a meta-analysis of 43 studies found that 32% of individuals
experienced cognitive fatigue and 22% experienced cognitive impairment at least 12
weeks after being infected with SARS-CoV-2%1°. Additionally, a recent study conducted
in England with approximately 113,000 participants found significant cognitive declines
12 weeks after experiencing COVID-19, compared to those who tested negative3%.
However, this study reported small Cohen effect sizes for cognitive decline among
participants without severe COVID-19, with standard deviation decreases ranging from

0.2 to 0.4, which have been considered non-clinically relevant?®®, Indeed, there were no
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significant inverse associations between COVID-19 and cognitive function in our study.
These discrepancies may be explained by the differences in the length of follow-up for
cognitive assessments after a COVID-19 diagnosis. Our study included a notably longer
follow-up period, which may suggest that cognitive function could return to baseline
levels after the commonly reported short-term detrimental impact of SARS-CoV-2
infection on cognition®1°=323In fact, recovery from some psychological sequelae of
COVID-19 has been previously documented?*. Other potential explanations include the
lack of control groups without SARS-CoV-2 infection in some studies in this field, as
well as the absence of cognitive assessments prior to COVID-19 diagnosis. These
characteristics have recently been identified as a significant limitation when analyzing
the potential effect of SARS-CoV-2 infection?®®, Additionally, the COVID-19 pandemic
negatively impacted modifiable risk factors related to brain health, but the active lifestyle
intervention of the PREDIMED-Plus study, even during the Spanish governmental
restrictions®’, might have mitigated the adverse effects of COVID-19 on cognitive

function in our population.

In relation to depression, systematic reviews and meta-analyses have consistently
demonstrated the adverse effects of COVID-19 on mental health across various
populations, age groups, and stages of the pandemic. These reviews have demonstrated a
significant negative impact of COVID-19 on depressive symptoms, with rates of
depression and related disorders being higher than those observed before the
outbreak!98199.202325-328 - gpecifically, two additional systematic reviews reported that
individuals with a positive SARS-CoV-2 infection experienced higher levels of
depressive symptomatology and clinically significant depression approximately 12 weeks
post-infection®32°, Qur study extends this knowledge by showing that these adverse
associations persist even after considerably longer follow-up periods. Potential
mechanisms underlying this relationship include neural, neuroimmune, and intestinal

microbiota effects2%2,

In conclusion, our studies indicated that experiencing COVID-19 was associated with
elevated depressive symptomatology and an increased risk of developing depressive
disorders. However, no such association was observed between SARS-CoV-2 infection
and cognitive dysfunction. These findings emphasize the importance of long-term
monitoring of the effects of COVID-19, particularly regarding the trajectory of cognitive

impairment and its potential association with dementia. Furthermore, it is important to
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examine whether the observed increase in depression rates due to the pandemic will revert

to the levels observed prior to the outbreak.
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STRENGTHS AND LIMITATIONS

It is important to acknowledge the limitations and strengths of the present doctoral thesis.

One of the primary constraints of the present dissertation is its observational nature, which
only permits the examination of associations and restricts the ability to infer causality.
Other limitations include the fact that the analyses were conducted using data from two
distinct populations: Spanish adult older individuals with overweight/obesity and
metabolic syndrome, and a general French population older than 18 years old.
Consequently, the results obtained from the Spanish population are not generalizable to
other populations with more favorable health status profiles, and the results from the
French cohort should be replicated in diverse populations to confirm the results found.
One of the primary research topics of this work is impulsivity. Impulsivity is a broad
psychological construct, and throughout the manuscripts included in this dissertation, it
was assessed using various methods. In the manuscripts assessing trait impulsivity, it was
employed the Barratt Impulsiveness Scale 11 or the UPPS-P Impulsive Behavior Scale
questionnaires. This raises the question of whether the results obtained will be
interchangeable depending on the trait impulsivity questionnaire used. In any case, these
constructs were probably the two most used guestionnaires around the world for assessing
trait impulsivity, and this would facilitate comparisons with future studies. Additionally,
both questionnaires showed at least acceptable internal consistency as assessed by
Cronbach alpha. One of our studies further included the assessment of behavioral
impulsivity, in which we used several neuropsychological evaluations for its assessment.
This allowed to capture the extensive behavioral impulsivity features, but also difficult
the interpretation of results with other studies not including the same behavioral
impulsivity features. Moreover, it is important to recognize that the participants in the
studies conducted under the PREDIMED-Plus framework were engaged in an active
lifestyle intervention. This may have influenced the observed associations, although all
the analyses were adjusted for this significant confounding factor and its potential

interaction effect was also assessed.

The current research presents strengths that should be also noticed. Firstly, the majority
of the findings presented in this dissertation are original and have not been previously
reported in the literature. The studies examining prospective relationships between trait
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impulsivity and the incidence of type 2 diabetes and cardiovascular disease, as well as
between trait impulsivity and adherence to dietary patterns, represent a previously
unexplored area of research. Secondly, our manuscript relating impulsivity and glycemic
status put forth novel perspectives on the assessment and understanding of impulsivity.
Given the multifaceted nature of impulsivity, which encompasses multiple traits and
behavioral characteristics, a domain of trait impulsivity and a domain of behavioral
impulsivity were obtained. Subsequently, a global impulsivity composite score was
obtained by merging the two domains. This approach permits a more comprehensive
examination of impulsivity as a global construct, an investigation of the specific trait and
behavioral impulsivity domains, and an examination of the particular subfactors of the
trait and behavioral impulsivity features. Thirdly, it should be noted that some of our
manuscripts included a notably large number of participants. Subsequently, public health
policies designed to reduce the global health burden may consider some of our findings
to be relevant. Fourth, all of our manuscripts included the inclusion of several
confounding factors, such as sociodemographic, lifestyle, and history of disease and
medication use. Therefore, some residual confounding effects might be present in our
results, but efforts to minimize this potential bias were performed. Finally, several
sensitivity analyses were conducted in our investigations, which strengthened the

robustness of our findings.
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CONCLUSIONS

The conclusions of this doctoral thesis are presented in response to each of the aims

previously formulated.

Aim 1: To prospectively examine the associations between levels of trait impulsivity and

adherence to healthy and unhealthy dietary patterns within the context of the
PREDIMED-Plus-Cognition cohort (462 Spanish older adults at high risk of
cardiovascular disease over three years of follow-up).

Trait impulsivity was found to be positively associated with adherence to the
unhealthy Western dietary pattern and negatively associated with adherence to six of
the eight healthy dietary patterns assessed, including the Mediterranean diet.

An interaction by intervention group was identified in some of the studied
associations, and the results were also stratified. The results of this interaction suggest
that individuals following an intensive lifestyle intervention may encounter additional
challenges in adhering to recommendations for healthy plant-based diets.

Overall, the results suggest that trait impulsivity is an important psychological factor
to consider when making dietary recommendations, particularly for individuals with

metabolic syndrome and overweight or obesity.

Aim 2: To prospectively examine the associations between levels of trait impulsivity and

the risk of incident cardiovascular disease within the context of the NutriNet-Santé cohort

(48,377 general French adults over eight years of follow-up).

Individuals with higher levels of trait impulsivity exhibited a 27% increased risk of
developing cardiovascular disease events.

An interaction by type 2 diabetes status was identified and results were further
stratified. In participants without type 2 diabetes, similar results were observed as
those in the total population, although detrimental associations were borderline
significant. In participants with type 2 diabetes and lower impulsivity, a 58%
reduction in the risk of developing cardiovascular disease events was observed.
Overall, these results suggest that trait impulsivity is an important psychological
feature to account for cardiovascular disease prevention strategies in the general

population.
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Aim 3: To prospectively examine the associations between levels of trait impulsivity and

the

risk of developing type 2 diabetes within the context of the NutriNet-Santé cohort

(48,135 general French adults over eight years of follow-up).

A 1 standard deviation increase in trait impulsivity was associated with a 10% higher
risk of developing type 2 diabetes.

Body mass index was found to have an incremental mediation effect in the detrimental
associations observed between trait impulsivity and the risk of developing type 2
diabetes.

Overall, these results suggest that trait impulsivity is an important psychological

feature to account for type 2 diabetes prevention strategies in the general population.

Aim 4: To prospectively examine the associations of insulin resistance, glycated

hemoglobin, type 2 diabetes prevalence, and type 2 diabetes control with the global

impulsivity composite, as well as with trait and behavioral impulsivity domains, within

the

context of the PREDIMED-Plus- Cognition cohort (487 Spanish older adults at high

risk of cardiovascular disease over three years of follow-up).
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Baseline and changes in insulin resistance, as evaluated by HOMA-IR, were not
associated with any measure of impulsivity.

Baseline and changes in glucose levels, as assessed by HbAlc, were prospectively
and positively associated with changes in the Global, Trait, and Behavioral
Impulsivity domains.

Individuals with type 2 diabetes at baseline showed a prospective increase in the
Global Impulsivity domain.

Individuals with type 2 diabetes and poor diabetes control at baseline exhibited
prospective increases in the Global Impulsivity domain. Participants with type 2
diabetes at baseline who experienced changes to a poor diabetes control exhibited
prospective increases in the Global and Trait Impulsivity domains.

Overall, prospective relationships between glycemic-related dysregulations and
increases in facets of impulsivity were observed. These results suggest that glycemic
dysregulations increase impulsivity, potentially increasing medical and psychological
impulsivity-related comorbidities, at least in populations at high risk of cardiovascular

disease.
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Aim 5: To prospectively examine the associations of insulin resistance, glycated
hemoglobin, type 2 diabetes prevalence, type 2 diabetes control, and diabetes medication
use with cognitive function changes over two years of follow-up within the context of the
PREDIMED-Plus cohort (6,874 Spanish older adults at high risk of cardiovascular

disease over two years of follow-up).

-  HOMA-IR and HbA1c levels at baseline were inversely associated with changes in
the Global Cognitive Function score.

- A status of prediabetes at baseline was not associated with changes in cognitive
function.

- The presence of type 2 diabetes at baseline, particularly with longer diabetes duration,
was inversely associated with changes in the Global Cognitive Function score.

- In participants with type 2 diabetes at baseline, a poor diabetes control was borderline
and inversely associated with changes in the Global Cognitive Function score, and
only significant decreases in the phonological verbal fluency performance were
observed.

- The use of insulin medication was prospectively and inversely associated with
changes in the Global Cognitive Function score.

- Overall, in only two years of follow-up, prospective associations between several
glycemic-related dysregulations and worsening cognitive function were observed.
These results suggest that even over a relatively short follow-up period, glycemic
impairments can worsen cognitive function, at least in populations at high risk of

cardiovascular disease.

Aim 6: To prospectively examine the associations of COVID-19 status
(negative/positive) with cognitive impairment and changes in cognitive function before
and after COVID-19 status ascertainment within the context of the PREDIMED-Plus
cohort (50 weeks after COVID-19 status ascertainment in 5,179 Spanish older adults at

high risk of cardiovascular disease).

- COVID-19 was not associated with worsening cognitive function 50 weeks after
COVID-19 ascertainment.

- COVID-19 was not associated with the odds of developing cognitive impairment 50
weeks after COVID-19 ascertainment.
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- These findings suggest the necessity for further investigation into the potential long-
term impact of COVID-19 on cognitive impairment.

Aim 7: To prospectively examine the associations of COVID-19 status
(negative/positive) with depressive risk and changes in depressive symptomatology
before and after COVID-19 status ascertainment within the context of the PREDIMED-
Plus cohort (29 weeks after COVID-19 status ascertainment in 5,486 Spanish older adults

at high risk of cardiovascular disease).

- Individuals who experienced COVID-19 showed higher depressive symptomatology
29 weeks after COVID-19 ascertainment.

- Individuals who experienced COVID-19 showed a 62% increase in the odds of
depression 29 weeks after COVID-19 ascertainment.

- These findings advocate for the necessity of monitoring the trajectory of depressive
symptoms and disorders over the forthcoming post-COVID-19 decades.
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GLOBAL AND FUTURE INSIGHTS

The findings of this doctoral thesis highlight the intricate relationships between
psychological factors, cardiometabolic health, and the impact of infectious diseases such
as COVID-19. Over the past century, while life expectancy has increased, there has also
been a concomitant rise in chronic diseases, cognitive impairments, and mental health
conditions. This research specifically highlights the relevance of trait impulsivity,
glycemic dysregulations, and COVID-19 as important factors influencing these health

outcomes.

The evidence presented indicated that higher trait impulsivity is longitudinally associated
with an unfavorable adherence to dietary patterns in individuals with overweight or
obesity and metabolic syndrome at high risk of cardiovascular disease. Moreover, this
personality trait was linked to an increased risk of developing type 2 diabetes and
cardiovascular disease in the general population. These findings underscore the
importance of assessing and managing trait impulsivity as a component of
cardiometabolic chronic disease prevention strategies. By understanding and gaining
more knowledge of how impulsivity affects dietary habits, public health initiatives can be
better tailored to address these psychological barriers, potentially reducing the incidence
of cardiometabolic diseases through improved adherence to healthy diets. The findings
of this thesis strongly support the integration of psychological assessments into routine
public health care, particularly for individuals at high risk of metabolic syndrome,
diabetes and cardiovascular disease. Given the evident links between trait impulsivity,
poor dietary adherence, and the occurrence of cardiometabolic chronic diseases, public
health strategies should consider incorporating tailored psychological interventions
designed to mitigate the tendency to act on impulse for promoting healthier lifestyle

patterns and health status.

This thesis further elucidates the relationship between glycemic dysregulations and
cognitive function. The findings of our study indicate that insulin resistance, the
prevalence of type 2 diabetes, poor glycemic control, and the use of insulin treatment
were all associated with a decline in cognitive function within the PREDIMED-Plus
study. In light of the rapid decline in cognitive function observed over the course of just

two years, there is a need for interventions that can ameliorate these adverse relationships.
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Furthermore, results from the PREDIMED-Plus-cognition study revealed that elevated
HbAlc levels, the presence of type 2 diabetes, and inadequate glycemic control were
associated with increased impulsivity over time, underscoring the interdependence of
metabolic and psychological health. These findings highlight the necessity for integrated
approaches that address both the physical and psychological aspects of health. Future
research should consider the development of comprehensive strategies that integrate
glycemic management and cognitive health preservation, further accounting for the fact
that poorer glycemic health could also promote unbeneficial lifestyle behaviors by

increasing impulsivity.

The COVID-19 pandemic has introduced significant challenges to both physical and
mental health. The findings under the framework of the PREDIMED-Plus study indicate
that individuals who tested positive for COVID-19 had a 62% increased risk of
developing depressive symptoms 29 weeks after diagnosis, compared to those who did
not contract the virus. In contrast, no significant associations were identified between
positive COVID-19 cases and cognitive dysfunction 50 weeks after diagnosis. These
findings reinforce the necessity for long-term monitoring of the cognitive and mental
health consequences of COVID-19. This will help to ensure that no additional cognitive
impairments arise and increase the certainty of the COVID-19 impact on depressive
symptomatology rates in the forthcoming decades, as the ongoing nature of the pandemic
necessitates continued research to fully understand its impact on cognitive and mental
health. The implementation of public health policies should prioritize the integration of
mental health support for individuals who have survived the consequences of SARS-
CoV-2 infection. The provision of ongoing psychological supervision for those affected,
particularly those with preexisting conditions or severe COVID-19 illness, is of the great
importance in order to prevent the progression of depressive symptoms into more severe

mental health disorders.

While this thesis has contributed significant insights, there are also several avenues for
future research in this field that warrant further investigation. First, exploring the neural
substrates of impulsivity and their connections to cardiometabolic health could facilitate
the identification of more precise targets for interventions. A deeper comprehension of
the manner in which impulsivity interacts with the regulation of glucose homeostasis via
the hypothalamus and other brain regions could also facilitate the development of novel

therapeutic strategies. Furthermore, this understanding could potentially be extended to
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the prevention of cardiovascular disease. Additional research on neurotransmitters, such
as serotonin and dopamine or other molecules, may facilitate the development of
pharmacological treatments for both psychological and physical health, as their role in
linking impulsivity with cardiometabolic outcomes represents a promising avenue for

further research.

This thesis hypothesizes the existence of a potential feedback loop between impulsivity
and glycemic dysregulations, potentially opening new future lines of research. This
suggests that interventions designed to reduce the prevalence of type 2 diabetes, for
instance by improving glycemic control, could have advantageous effects in mitigating
glycemic impairments while concurrently reducing impulsivity and its associated risky
behaviors that contribute to a poorer physical and mental health status. Therefore, future
research should consider the examination of these bidirectional relationships in diverse
populations over extended periods and with a larger number of participants, in order to
gain a more comprehensive understanding of the nature of these interconnectivities. This
will facilitate a more comprehensive understanding of the emergence and evolution of
these interrelated dynamics over time. The optimal approach would be to promote
psychological interventions that have been demonstrated to reduce impulsivity, such as
increasing mindfulness activities, lifestyle interventions to reduce glycemic impairments,
or a combination of both. This would provide the opportunity to assess the feasibility of
integrating these recommendations into more comprehensive general health policies
aimed at reducing glycemic diseases and related psychological disturbances associated
with higher impulsivity.

In conclusion, this doctoral research has significantly advanced the understanding of how
psychological factors, particularly impulsivity, interact with health outcomes. The
associations between impulsivity, glycemic dysregulations, cardiovascular disease, and
cognitive dysfunction emphasize the necessity for integrated health approaches that
address both psychological and medical health aspects. Furthermore, the findings of this
thesis advocate for the necessity of addressing the mental health consequences of the
COVID-19 pandemic, as well as monitoring the cognitive function. Future research
should be built on these approaches and explore holistic psychological and lifestyle
interventions with the goal of reducing the global burden of disease and enhancing
population quality of life in the context of the post-pandemic era.
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Authors: Gomez-Martinez C, Babio N, Camacho-Barcia L, Julvez J, Nishi SK, Véazquez Z,
Forcano L, Alvarez-Sala A, Cuenca-Royo A, de la Torre R, Fanlo-Maresma M, Tello S, Corella
D, Arias Véasquez A, Dalsgaard S, Franke B, Fernandez-Aranda F, Salas-Salvado J.

Date: 15-16/Nov/2022

Congress: XI1I Simposio CIBERobn.

Contribution title: Impulsive personality traits predicted weight loss in individuals with type 2
diabetes after 3 years of lifestyle interventions.

Type: Poster.

Modality: In-person.

International/national: National.

Authors: Testa G, Camacho-Barcia L, Gomez-Martinez C, Mora-Maltas B, de la Torre R, Pinto
X, Corella D, Granero R, Cuenca-Royo A, Jiménez-Murcia S, Babio N, Fernandez-Barrion R,
Esteve-Luque V, Forcano L, Ni J, Malcampo M, De las Heras-Delgado S, Fit6 M, Salas-Salvado6
J, Fernandez-Aranda F.
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Date: 15-18/Jun/2023

Conference: DNSG 2023 (40th International Symposium on Diabetes and Nutrition).

Type: Oral presentation.

Modality: In-person.

International/national: International.

Contribution title: Impulsivity is associated with higher risk to develop type 2 diabetes and
cardiovascular disease over 8 years of follow-up in the NutriNet-Santé cohort.

Authors: Gomez-Martinez C, Paolassini-Guesnier P, Srour B, Fezeu L, Babio N, Salas-Salvado
J, Hercberg S, Touvier M, Péneau S.

Date: 22/Jun/2023

Conference: PhD Day (IISPV: Institut d'Investigacio Sanitaria Pere Virgili).

Type: Oral presentation.

Modality: In-person.

International/national: National.

Contribution title: Impulsivity is associated with higher risk to develop type 2 diabetes and
cardiovascular disease over 8 years of follow-up in the NutriNet-Santé cohort.

Authors: Gémez-Martinez C, Paolassini-Guesnier P, Srour B, Fezeu L, Babio N, Salas-Salvado
J, Hercberg S, Touvier M, Péneau S.

Date: 16-18/0Oct/2023

Conference: 33rd Alzheimer Europe Conference (Alzheimer Europe).

Type: Oral presentation.

Modality: In-person.

International/national: International.

Contribution title: COVID-19 and cognitive impairment in older adults: Longitudinal analysis
from the PREDIMED-PLUS Cohort.

Authors: Gémez-Martinez C, Sangeetha Shyam, Ni J, Babio N, Salas-Salvadé J.

Date: 13-15/May/2024

Conference: PRIME 5th General Assembly Meeting (PRIME H2020 PROJECT).

Type: Oral presentation.

Modality: In-person.

International/national: International.

Contribution title: Glycated hemoglobin, type 2 diabetes, and poor diabetes control were
positively associated with impulsivity changes.

Authors: Gomez-Martinez C, Babio N, Camacho-Barcia L, Jalvez J, Nishi SK, Vazquez Z,
Forcano L, Alvarez-Sala A, Cuenca-Royo A, de la Torre R, Fanlo-Maresma M, Tello S, Corella
D, Arias Vasquez A, Dalsgaard S, Franke B, Fernandez-Aranda F, Salas-Salvado6 J.

Date: 13-15/May/2024

Conference: PRIME 5th General Assembly Meeting (PRIME H2020 PROJECT).

Type: Oral presentation.

Modality: In-person.

International/national: International.

Contribution title: Lifestyle intervention effect aiming to weight loss and improve glycemic
metabolism on novel neurology related-proteins and inflammation markers for cognitive decline.
Authors: Gémez-Martinez C, Paz-Graniel |, Garcia-Gavilan J, Babio N, Salas-Salvado J.
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SCIENTIFIC DIVULGATION

Date: 01/Mar/2021

Divulgative journal: NutFruit Health Section (International Nut and Dried Fruit Council)
Contribution title: Protective Effects of Nut Consumption in Cognitive Dysfunction
Type: Divulgative publication article.

International/national: International.

Date: 30/Sep/2022

Workshop: “Taller Nit Europea de la Recerca”.
Contribution title: “Explorem I'esséncia del menjar”.
Type: Workshop.

Modality: In-person.

International/national: National.

Date: 30/ Sep /2022

Congress: “Conferencia Nit Europea de la Recerca”.

Contribution title: “;Puede un peor estado glicémico asociarse a una mayor impulsividad?”
Type: Congress.

Modality: In-person.

International/national: National.

Date: 18/Nov/2022

Congress: “Monolegs del Club de la Ciéncia”.
Contribution title: “Rapid, a menjar!”

Type: Scientific monologue contest.

Modality: In-person.

International/national: National.

Date: 18/Nov/2022

Radio interview: “Radio Marca - Al limite”.

Contribution title: “Las personas impulsivas tienden mas a dietas poco equilibradas!”
Type: Radio interview.

Modality: Virutal.

International/national: National.

Date: 12/Nov/2022

Congress: “Conferencia Nit Europea de la Recerca”.

Contribution title: “;Puede un peor estado glicémico asociarse a una mayor impulsividad?”
Type: Congress.

Modality: In-person.

International/national: National.

Date: 22/May/2023.

Congress: Pint of Science.
Contribution title: Si puja la glucosa, mala PINTa OF SCIENCE.
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Type: Oral presentation.
Modality: In-person.
International/national: National.

Date: 28/Sep/2023.

Congress: “Charla Nit Europea de la Recerca”.

Contribution title: Que causa i desencadena el sucre en sang.
Type: Oral presentation.

Modality: In-person.

International/national: National.

Date: 17/Nov/2023.

Congress: “Setmana de la Ciéncia”.

Contribution title: Que causa i desencadena el sucre en sang.
Type: Oral presentation.

Modality: In-person.

International/national: National.

Date: 26/Sep/2024.

Congress: “Microxerrada en la Nit Europea de la Recerca”.
Contribution title: El paper de la psicologia en la salut publica.
Type: Oral presentation.

Modality: In-person.

International/national: National.
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SCHOLARSHIPS AND AWARDS

Period: 01/Apr/2020-31/Jan/2022

Scholarship: PREDIMED-Plus project-related scholarship.

Institution: Institut d'Investigacio Sanitaria Pere i Virgili (1ISPV).

Aim: To give monetary compensation for working in the PREDIMED-Plus project under the
development of my PhD.

Period: 01/Feb/2021-31/Jan/2025

Scholarship: Beca Marti Franqués (2020PMF-PIPF-37).

Institution: Universitat Rovira i Virgili (URV).

Aim: To give monetary compensation for the development of my PhD.

Date: 18/Jun/2022

Award: Winner of the best short oral communication.
Institution: Diabetes Nutrition Study Group.

Prize: 1,000€.

Date: 18/Nov/2022
Award: Finalist in the contest of "Monolegs del Club de la Ciéncia".
Institution: Fundacio Catalana per a la Recerca i la Innovacio (FCRI).

Period: 23/Jan/2023-26/Apr/2023

Scholarship: Erasmus+Internship.

Institution: Universitat Rovira i Virgili (URV).

Aim: To give monetary compensation for the mobility PhD training program in Paris.

Date: 16/0ct/2023-18/0Oct/2023

Award: Winner of the “Bursaries for early-stage researchers”.
Institution: Alzheimer Europe.

Prize: 850€.

Period: 27/May/2024-07/Jun/2024

Scholarship: PRIME H2020 secondment.

Institution: PRIME H2020.

Aim: To give monetary compensation for performing a secondment at the Maastricht University.
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MOBILITY

Period: 23/Jan/2023-26/Apr/2023 (93 days)

Reason: PhD mobility stage under the ERASMUS+Internship framwrok.

Host institution: Université Sorbonne Paris Nord and Université Paris Cité, INSERM, INRAE,
CNAM, Center of Research in Epidemiology and StatisticS (CRESS), Nutritional Epidemiology
Research Team (EREN), F-93017 Bobigny, France.

Host investigator and supervisor: Prof. Sandrine Péneau.

Tasks carried out: To extract a NutriNet-Santé database in order to perform the statistical analyses
between trait impulsivity and the incidence of type 2 diabetes and cardiovascular disease on
almost 50,000 French adult individuals participating in the NutriNet-Santé study, aiming to finally
write scientific manuscripts and to do scientific translation.

Period: 27/May/2024-07/Jun/2024 (12 days)

Reason: Young researchers mobility stage under the European H2020 PRIME project.

Host institution: Department of Psychiatry and Neuropsychology, Alzheimer Center Limburg,
School for Mental Health and Neuroscience, Maastricht University, Maastricht, the Netherlands.
Host investigators and collaborators: Dr. Willemijn Jansen, Dr. Stephanie Vos, and Dr. Veerle
van Gils.

Tasks carried out: To perform statistical analyses and to write a scientific manuscript studying
the associations of glycemic status and inflammation parameters with cognitive function changes
and magnetic resonance imaging assessments in the Maastricht study cohort.
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