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ABSTRACT 

Background & aims: Some cognitive profiles might facilitate successful weight loss and its 

maintenance. Also, weight reductions may result in cognitive benefits. However, little work to date has 

examined the interactions between cognition and weight changes in the context of interventions with the 

Mediterranean diet (MedDiet). We studied the within-subject longitudinal relationships between 

cognition, body mass index (BMI), physical activity (PA), and quality of life (QoL), in older adults 

following a MedDiet. 

Methods: The PREDIMED-Plus is a primary prevention trial testing the effect of a lifestyle intervention 

program with an energy-restricted MedDiet (er-MedDiet), weight-loss goals and PA promotion on 

cardiovascular disease. The PREDIMED-Plus-Cognition sub-study included 487 participants (50% 

women, mean age 65.2 years +/-4.7), with overweight/obesity, metabolic syndrome and normal cognitive 

performance at baseline. A comprehensive neurocognitive test battery was administered at baseline and 

after 1 and 3 years.  

Results: Baseline higher performance in verbal memory (OR=1.5; 95%CI 1.0, 2.1), visuoconstructive 

praxis and attention (OR=1.5; 95%CI 0.9, 2.3), and inhibition (OR=1.3; 95%CI 0.9, 1.9) were associated 

with a higher odd of achieving at least 8% weight loss after 3 years follow-up in participants randomized 

to the intervention group. There were moderate improvements in specific tests of memory and executive 

functions during follow-up. Higher adherence to the er-MedDiet was associated with greater 

improvements in memory. Women exhibited lower rates of change in global cognition, PA and QoL. 

Moreover, improvements in memory correlated with reductions in BMI after 1 year (βSTD=-0.14) and with 

improvements in PA after 3 years (βSTD=0.13). Finally, participants who experienced greater 

improvements in executive functions and global cognition also experienced greater improvements in their 

QoL. 

Conclusions: This study refines the understanding of the determinants and mutual interrelationships 

between longitudinally-assessed cognitive performance and weight loss, adding further evidence to the 

cognitive benefits associated with better adherence to a MedDiet. Our results also suggest that weight loss 

interventions tailored to the cognitive profile and gender of participants are promising avenues for future 

studies.  

KEYWORDS (max 6):  

Mediterranean Diet; Nutrition; Cognition; Metabolic Syndrome; Obesity; Prevention.  



INTRODUCTION 

According to the World Health Organization, in 2016 39% of worldwide adults had overweight and 13% 

had obesity (1). This represents a global health concern as overweight and obesity are associated with 

increased risk of type 2 diabetes, metabolic syndrome, cardiovascular disease and many types of cancer 

(2). Also, high levels of adiposity negatively influence brain structure and function, increasing the risk of 

cognitive decline and dementia (3–6).  

Conversely, moderate weight reductions have shown to improve multiple metabolic factors such as blood 

pressure, glucose tolerance, insulin sensitivity, lipid profile, oxidative stress and inflammation, and 

positively impact mental health and quality of life (QoL) (7,8). Congruently, the treatment of choice for 

overweight/obesity is weight reduction, commonly through comprehensive lifestyle interventions 

involving dietary counseling, physical activity (PA) and behavioral change strategies (2). However, 

although the majority of these interventions show a successful degree of weight loss in the short term (9), 

a considerable proportion of patients fail to adhere to these treatments and those who achieve optimal 

weight do not succeed on maintaining it in the long run (10).  

The ability to adhere to a healthy lifestyle and achieve weight loss maintenance could be influenced by 

psychological and cognitive factors (11), including the capacity to self-regulate, the ability to direct one‟s 

attention and behavior and the successful achievement of long-term goals. However, individuals with 

overweight or obesity can present some cognitive alterations that may interfere with the successful 

follow-up of lifestyle interventions. Accordingly, the most consistent findings are related to measures of 

executive functions, including impairments in cognitive flexibility, impulsivity/inhibition, attentional 

bias, decision-making or working memory (12–17), although some authors have also identified alterations 

in memory, psychomotor speed and complex attention (18,19). As such, cognitive performance could 

influence the skills required to maintain a healthy lifestyle, but further research is needed to identify key 

cognitive predictors of weight loss maintenance.  

Some lifestyle behaviors such as adherence to specific healthy dietary patterns like the Mediterranean diet 

(MedDiet) or similar (i.e. DASH or MIND diet) (8,20–24) and PA engagement (25–27) have been 

associated with slower rates of cognitive decline, reduced risk of dementia and improvements in some 

cognitive functions. Additionally, weight loss has been associated with improvements in 

executive/attention functioning and memory (24).  



Consequently, interactions between changes in cognition, weight and behavior raise important issues 

when conducting interventions for weight loss. Some cognitive profiles may influence weight loss and, in 

turn, weight loss is likely to represent benefits for cognitive performance (14). Nevertheless, evidence on 

the interplay between cognition and weight reduction is scarce: some studies have focused on the effects 

of baseline cognitive performance on weight reduction (28,29) and other studies have reported the effects 

of weight reduction interventions on cognitive performance (24,30). Thus, longitudinal assessments with 

repeated measurements are needed to better capture the temporal dynamics between cognitive function 

and weight changes. These kinds of analyses can better test causal hypotheses about the direction of 

associations, the temporal precedence of their emergence, and the likely consequences of interventions. 

We postulate that these interactions over time have to be evaluated at the individual level, as there is a 

wide between-subject variability in responses to any weight loss intervention.  

In this context, we present the first prospective results from the PREDIMED-Plus-Cognition sub-study 

(31), focusing on psychological and neuropsychological factors related to intervention adherence and 

success, considered the achievement of a reduction in baseline body weight of at least 8% as established 

in the PREDIMED-Plus study protocol. This study had four main objectives: to evaluate which cognitive 

profiles are associated with the achievement of the 8% body/weight reduction goal and to examine 

whether MedDiet adherence mediates this relationship, to study the presence of changes in the cognitive 

performance after 1 and 3 years of exposure to a MedDiet intervention, to identify which individual 

characteristics may influence the heterogeneity of cognitive changes and to study the presence of within-

subject directional associations between cognition and BMI, PA, metabolic syndrome and QoL. 

Specifically, we were interested in evaluating whether changes in cognition correlate with changes in 

BMI, PA, metabolic syndrome features and QoL, whether baseline cognitive performance influence 

changes in these outcomes and vice-versa, whether baseline levels of BMI, PA, metabolic syndrome and 

QoL predict changes in cognition. 

METHODS 

Study design and participants 

The present study is a longitudinal analysis restricted to a subset of participants of the large PREDIMED-

Plus trial included in the PREDIMED-Plus-Cognition sub-study (N=487). The study design and 

procedures of PREDIMED-Plus have been previously described in detail (31–33). Further details on the 

study inclusion/exclusion criteria as well as the study protocol are available at http://predimedplus.com/. 

http://predimedplus.com/


Briefly, the PREDIMED-Plus is a multi-center randomized parallel-group primary prevention trial 

(N=6,874) designed to assess and compare the long-term effectiveness of an intensive lifestyle 

intervention with an energy-restricted Mediterranean diet (er-MedDiet, 30% calorie reduction), PA 

promotion and behavioral support of weight loss goals (intervention group, IG), with a more common 

care intervention featuring energy-unrestricted traditional MedDiet recommendations (control group, 

CG). Participants in both the IG and CG were provided with an allotment of extra-virgin olive oil (1 

L/mo) and occasionally almonds (125 g/mo) for free, in order to promote the MedDiet and encourage 

compliance with the trial. Participants were recruited between October 2013 and December 2016 across 

23 Spanish hospitals, universities and research institutes. Participants were randomly assigned, in a 1:1 

ratio, to IG or CG. The intervention is scheduled to last for 6 years plus a 2 years follow-up without 

intervention. Eligible participants were community-dwelling overweight/obese adults (BMI between 27 

and 40 kg/m
2
) from Primary Care Health Centers of the Spanish National Health System aged between 55 

and 75 years in case of men and between 60 and 75 years in women who met at least three criteria for 

metabolic syndrome (34). The clinical trial is registered at the International Standard Randomized 

Controlled Trial database (ISRCTN; 89898870).  

Within the PREDIMED-Plus-Cognition sub-study, an in-depth assessment of the cognitive performance 

was performed in a sample of 487 individuals from 4 study sites (Cardiovascular Risk and Nutrition 

Research Group, Endocrinology Service, Hospital del Mar Medical Research Institute, Barcelona, Spain;  

Rovira i Virgili University, Department of Biochemistry and Biotechnology, Human Nutrition Unit, Sant 

Joan University Hospital, Pere Virgili Institute for Health Research, Reus, Spain;  Department of 

Preventive Medicine, University of Valencia, University Jaume I, Conselleria de Sanitat de la Generalitat 

Valenciana, Valencia, Spain; Department of Psychiatry, Bellvitge University Hospital, Barcelona, Spain). 

Individuals willing to participate in this sub-study underwent an additional neuropsychological 

assessment at baseline, 1 and 3 years after the initiation of the assigned PREDIMED-Plus intervention. 

Exclusion criteria for the present study are included in Supplementary Table 1. The data were analyzed 

using the PREDIMED-Plus-Cognition database dated 14
th
 January 2021. All participants gave written 

informed consent. The study protocol was approved by the local Research Ethics Committees from the 

participating centers and adheres to the standards of the WAMA Declaration of Helsinki.  

Outcomes and assessments 

Cognitive performance 



Cognitive performance was evaluated by trained neuropsychologists and included the following cognitive 

domains: (i) Short-term and long-term auditory memory, using the Rey's Auditory-Verbal Learning Test 

(RAVLT) (35,36). Participants are given a list of 15 unrelated words (A), each followed by an attempted 

recall, followed by a second 15-word interference list (B), and again by list A (immediate recall). After 30 

minutes, delayed recall is tested. (ii) Visuoconstructive praxis, short- and long-term visuospatial memory 

and visual perception, evaluated with the Rey–Osterrieth complex figure Test (RCFT) (37). The RCTF 

consists of four test conditions: copy, immediate recall, delayed recall and recognition. First, subjects are 

given the stimulus card and asked to draw the same figure (copy) and subsequently instructed to draw 

from memory (immediate recall). After a delay of 30 min, they are required to draw the same figure once 

again (delayed recall). Finally, subjects have to recognize the pieces of the figure between other distractor 

pieces (recognition). (iii) Processing speed (attention, visual scanning, motor speed, and memory), 

evaluated with the Symbol Digit Modalities Test (SDMT) (38,39). A coding key is presented, consisting 

of nine meaningless geometric designs, each paired with a number. The subject must scan the key and 

write down the number corresponding to each design as rapidly as possible in 90 seconds. The number of 

correct responses is recorded. The maximum score is 110. (iv) Inhibition and attention (mental flexibility 

and interference resistance), evaluated with the Stroop Color-Word Interference Test (40). This test 

consists of three printed sheets with 100 words in each, distributed in 5 columns. Participants are allowed 

to read each sheet for 45 seconds and the total number of words read is recorded. Errors are discounted 

for the total of words in each part. Three scores are obtained: Stroop-W (word reading), Stroop-C (name 

of the color) and Stroop-WC (word-color interference). The Stroop-WC score is considered in our 

analyses. (v) Decision-making abilities (risk and reward and punishment values), evaluated with the Iowa 

Gambling Task (IGT) (41). The subject has to select 100 cards from four decks (A, B, C and D). 

Following the selection of a card, the subject either gains or loses money. The final objective of the task is 

to gain as much money as possible. This test is scored by subtracting the number of cards selected from 

decks A and B from the number of cards selected from decks C and D. Higher results point to better 

performance while negative results point to preference for the not advantageous decks. This test was not 

administered to participants recruited in the University of Valencia (N=70). (vi) Inattentiveness, 

impulsivity, sustained attention and vigilance, evaluated with the Conners‟ Continuous Auditory Test of 

Attention (CPT) (42). Respondents are required to push the spacebar when any letter, except “X”, appears 

in the screen for 14 minutes. Omission and commission errors and hit reaction time (HRT) scores were 



used for the analyses. This test was not administered to participants recruited in the University of 

Valencia (N=70).  

Premorbid intelligence quotient (IQ) was estimated (only at baseline) with The Vocabulary test (43), a 

verbal test that measures word knowledge and the ability to express definitions of words verbally. Finally, 

a cognitive screening was also included at baseline using the Folstein Mini-Mental State Examination 

(MMSE) (44) which assesses attention and orientation, memory, registration, recall, calculation, language 

and ability to draw a complex polygon. It has 11 items and scores can range from 1 to 30. Scores over 24 

define „normal‟ cognitive function. 

Anthropometry and cardiovascular biomarkers 

Weight, height, hip and waist circumference were measured by nurses with standardized procedures. For 

descriptive purposes, BMI (kg/m
2
) was also categorized using general population cut-off values based on 

morbidity and mortality studies of Caucasian population (45): normo-weight (BMI 18.5-24.9 kg/m
2
), 

overweight (BMI 25.0-29.9 kg/m
2
), obesity I (BMI 30.0-34.9 kg/m

2
) and obesity II (BMI 35.0-39.9 

kg/m
2
).  

Blood pressure was measured in triplicate using a validated semiautomatic oscillometer (Omron HEM 

297 705C). Blood samples were collected after an overnight fast to determine levels of fasting blood 

glucose, glycosylated hemoglobin (HbA1c), and lipid levels: triglycerides, total cholesterol and HDL 

cholesterol using standard methodology. LDL cholesterol concentrations were calculated with the 

Friedewald formula whenever triglycerides were inferior to 300 mg/dL. 

Finally, baseline type 2 diabetes was defined by previous clinical diagnosis of diabetes or HbA1c ≥ 6.5% 

or use of anti-diabetic medication or use of insulin or fasting plasma glucose >126 mg/dL. Those without 

a diagnosis of diabetes were diagnosed with prediabetes if their fasting plasma glucose levels were 

between 100-125 mg/dL at both the screening visit and baseline visit, and their HbA1c levels were 

between 5.7-6.4%.  

Intervention adherence 

Adherence to the er-MedDiet was evaluated with a 17-item er-MEDAS questionnaire, an adapted version 

of the validated 14-item PREDIMED questionnaire (46). Values ranged 0-17 and were categorized using 

the cut-off values from previous studies based on approximate tertiles in the overall baseline 

PREDIMED-Plus sample (47), as low (0-7 points), moderate (8-10 points) and high (11-17 points) 

adherence. On the other hand, leisure-time PA levels (measured as metabolic equivalent tasks –METs- 



minute/week) were evaluated with the Minnesota REGICOR Short PA questionnaire (VREM) (48). PA 

categories were obtained from the Rapid Assessment of PA (RAPA) questionnaire (49). 

Mental health and QoL 

The Beck‟s Depression Inventory-II (BDI-II) (50,51) was used to assess the severity of depressive 

symptoms and was categorized according to general guidelines as no or minimal depression (0-9 points), 

mild-to-moderate depression (10-18 points), moderate-to-severe depression (19-29 points) and severe 

depression (≥30 points). Health-related QoL was measured with the Spanish version of the SF-36 

questionnaire (52).  

Statistical analyses 

All analyses were performed in the overall population (N=487) except for the analyses of cognitive 

predictors of at least 8% weight reduction and high er-MedDiet adherence, which were performed only in 

participants randomized to the IG (N=240). Descriptive statistics of study variables in each time point 

(hereafter in this section, baseline=T0, 1 year=T1 and 3 years=T3) were obtained as mean and standard 

deviation (SD) or 95% confidence intervals (95%CI) for continuous variables and percentages for 

categorical variables. Multivariable-adjusted logistic regression models with robust standard errors were 

used to study the associations between baseline cognitive scores and the probability of achieving the goal 

of at least 8% weight reduction and high er-MedDiet adherence at T1 and T3 among individuals 

randomized to the IG. Such models were adjusted by gender, age, years of education, baseline weight, IQ, 

use of treatment for high cholesterol, use of tranquilizers or sedatives, prediabetes, diabetes and current 

smoking status. Causal mediation analyses (53) were used to determine whether er-MedDiet adherence at 

T1 (mediator) explained the association between baseline cognitive scores (exposure) and 8% weight 

reduction at T1 and T3 (outcome). Total effects were decomposed into direct and indirect effects 

transmitted via the mediator. Average direct effects (ADE), average causal mediation effects (ACME) 

and proportion of mediation effects (ratio between ACME and total effects) were reported. The latter 

parameter indicates how much the total effect of baseline cognition on 8% weight reduction operates 

through high er-MedDiet adherence and vice-versa, the proportion of total effect that remains 

unexplained by high er-MedDiet adherence. 95%CI in mediation analyses were computed using a quasi-

Bayesian approximation with 1000 Monte-Carlo simulations.  

To study overall changes in cardiovascular biomarkers, PA, QoL and cognition, T1 and T3 mean changes 

from baseline were analyzed using linear mixed effects models, with participant and study site included 



as random effects, and adjusting for the following covariates: intervention group, gender, age, years of 

education, IQ, use of treatment for high cholesterol, use of tranquilizers or sedatives, prediabetes, 

diabetes, current smoking status and baseline weight (only for cognitive outcomes). Additionally, 

standardized mean differences for changes at T1 and T3 were computed as Cohen‟s d with cut-offs for 

effect size interpretation as of 0.2 (small), 0.5 (medium), 0.8 (large) and 1.2 (very large) (54,55).  

Within-subject directional associations between cognition and BMI, PA, metabolic syndrome (METSYN) 

and QoL were estimated using bivariate latent change score models (BLCSM), a class of structural 

equation modeling (SEM) that can be used to test a wide range of developmental processes (56,57). 

Supplementary Table 2 includes a detailed description of BLCSM analyses and the treatment of missing 

data. Briefly, changes in cognition (global cognition, memory and executive functions and attention), 

QoL and METSYN were modeled in latent scores rather than in observed scores. The latent variable 

„memory‟ included the following 5 scores (standardized on baseline mean and SD and normalized if 

necessary): RAVTL immediate recall; RAVTL delayed recall; RCFT immediate recall; RCFT delayed 

recall; RCFT recognition. The latent variable „executive functions‟ included the following 7 scores: 

RCFT copy; SDMT; Stroop interference; CPT-omission errors; CPT-commission errors; CPT-HRT; and 

IGT. Finally, the latent variable „global cognition‟ included all the 12 scores from memory and executive 

functions. This multivariate latent variable approach is preferable to computing composite score because 

it is more robust and powerful in the presence of intermittently missing completing at random (MCAR) 

scenarios (58). BLCSM were used to test evidence for 4 possible relationships that, exemplified with T0-

T1 bivariate changes in BMI and global cognition such relationships were: i) baseline covariance (labeled 

as δ1) (are scores on global cognition at T0 correlated with BMI at T0?), ii) global cognition as leading 

variable of BMI changes (labeled as ϒ1) (do global cognition scores at T0 predict degree of change in 

BMI between T0 and T1?); iii) BMI as leading variable (labeled as ϒ2) (do BMI at T0 predict degree of 

change in global cognition between T0 and T1?); iv) correlated change (labeled as δ2) (is the degree of 

improvement in global cognition correlated with the degree of BMI change in individuals?). Estimates 

were presented as standardized coefficients (STD) and p-values.  

The rates of missing data were higher for cognitive variables (collected in the additional 

neuropsychological visit of the present sub-study) than for all the other variables (collected in the follow-

up cardiovascular visits of the main PREDIMED-Plus study). There were only 3 participants (0.6%) that 

did not undergo to the T1 follow-up cardiovascular visit, and this number was 17 (3.5%) for the T3 



follow-up cardiovascular visit. Missing in variables collected in these visits was assumed to be MCAR. 

However, for the neuropsychological visits, attrition was present in 65 (13.3%) participants at T1 and 109 

(22.4%) participants at T3 (Supplementary Table 2). To address potential selection bias due to attrition 

in neuropsychological visits, all T1 and T3 analyses of cognitive variables were adjusted using inverse 

probability weights (IPW). In SEM missing data was handled using full-information maximum likelihood 

(FIML) estimation with robust standard errors. See Supplementary Table 3 for more details about the 

treatment of missing data.  

Analyses were performed using R statistical software, version 3.6.0. Statistical significance was set at 

p<0.05. The „nlme‟ package (version 3.1-149) was used for computing linear mixed effects models. The 

„mediation‟ package (version 4.5.0) (59) was used for causal mediation analyses. The „lavaan‟ package 

(version 0.6.7) (60) was used for SEM.  

RESULTS 

The main results of the present study are summarized in Figure 1. 

Description of the study population  

A total of 487 individuals participated in the PREDIMED-Plus-Cognition sub-study, of which 240 

belonged to the IG and 247 to the CG arms of the RCT. Baseline characteristics of study participants are 

included in Table 1. Briefly, 50.5% were women, the mean (SD) age was 65.2 (4.7) years, 53.4% had 

received primary education, 29.2% had secondary education, and 62.1% were retired. Also, 12% were 

current smokers, 30.4% had diabetes, 50.3% were taking medications for cholesterol and 23.0% used 

tranquilizers or sedatives. Finally, participants scored 28.6 (1.7) points in the MMSE at baseline, so they 

performed within the normal range.  

As shown in Table 2, at baseline most participants had a low (45.4%) or medium (41.5%) adherence to 

the er-MedDiet, but after 1 and 3 years over half of all participants were highly adhered to the er-MedDiet 

(65.3% after 1 year and 64.4% after 3 years). On the other hand, at baseline most participants were under-

active (66.9%) or sedentary (15.6%), while after 1 and 3 years the prevalence of physically active 

participants increased from 8.4% to 15.2% and 14.0%, respectively.  

As part of the inclusion criteria, at baseline all study participants presented overweight (27.3%) or obesity 

(72.7% in total; 48.5% type I obesity and 24.2% type II obesity). However, after 1 year the prevalence of 

obesity decreased to 57.8% (41.9% type I; 15.3% type II and 0.6% type III), and after 3 years it slightly 

increased to 62%. Finally, mild-to-moderate depressive symptomatology was detected in 28.7% of 



participants at baseline, and it decreased to 21.4% after 1 year of intervention and to 19.6% after 3 years 

of intervention. 

Prevalence of at least 8% weight reduction in the IG and associated cognitive factors 

The specific weight loss objective of the IG was to achieve an average weight reduction of at least 8%. As 

shown in Table 2, 37.4% (95%CI 31.5, 43.7) and 33.2% (95%CI 27.4, 39.5) of participants from the IG 

reduced their weight at least in 8% of their baseline weight after 1 and 3 years of follow-up, respectively 

(hereafter, „responders‟). Among 1-year responders, 62 out of 89 (69.7%) maintained this weight 

reduction at the third year of follow-up. Responders were characterized by a high adherence to the er-

MedDiet (about 80-90% of them were highly adherent). However, in terms of PA, most presented an 

under-active lifestyle. The prevalence of obesity type II greatly decreased from 24.7% to 3.4% among 1-

year responders and from 23.4% to 2.6% among 3-years responders. Moreover, the prevalence of mild-to-

moderate or moderate-to-severe depressive symptomatology decreased by half among these group of 

participants who responded to the intervention; specifically, from 39.3% to 17.6% among 1-year 

responders and from 32.5% to 17.6% among 3 years „responders‟.  

We evaluated whether baseline cognitive profiles were associated with the response to the intervention, 

that is, the achievement of at least 8% body-weight reduction. Multivariate associations of baseline 

cognition (z-scores) with the goal of at least 8% weight reduction are represented in Figure 2 (left panel). 

Although most 95%CI reach the null effect cut-off (OR=1), higher scores in short- and long-term verbal 

memory were associated with increased odds of 8% weight reduction after 1 year and markedly after 3 

years of follow-up, with OR estimates of 1.4 (95%CI 1.0, 2.0) for RAVTL immediate recall and OR of 

1.5 (95%CI 1.0, 2.1) for RAVTL delayed recall. Moreover, after 1-year slower reaction time measured 

with CPT-HRT predicted a lower odds of 8% weight reduction (OR= 0.8, 95%CI 0.5, 1.1), while higher 

decision-making abilities measured with the IGT increased the odds (OR= 1.3, 95%CI 0.9, 1.9). On the 

other hand, after 3 years, in addition to verbal memory, higher performance on visuoconstructive praxis 

and attention measured with RCFT (figure copying task score) (OR=1.5, 95%CI 0.9, 2.3) and higher 

scores in inhibition from Stroop interference (OR= 1.3, 95%CI 0.9, 1.9) predicted higher odds of 8% 

weight loss. 

We then examined the association between baseline cognitive profiles and high er-MedDiet adherence 

(see details in Figure 2, right panel). Better performance in short- and long-term verbal memory was 

associated with increased probability of high er-MedDiet adherence after 1 year (OR=1.6; 95%CI 1.1, 



2.4; and OR=2.1, 95%CI 1.4, 3.1, respectively). This was also observed for visuoconstructive praxis 

(OR=1.6, 95%CI 0.9, 2.9) and decision-making abilities (OR=1.4, 95%CI 0.9, 2.1). Moreover, those with 

high adherence to er-MedDiet at 1 year were 8.5 times more likely to achieve the 8% weight loss goal 

after 1 year (OR=8.5; 95%CI 3.1, 23.5), and 4.8 times more likely to achieve it after 3 years (OR=4.8; 

95%CI 1.9, 12.2). 

Finally, we tested whether er-MedDiet adherence at 1 year mediated the association between baseline 

cognitive profiles and the achievement of the 8% weight reduction after 1 and 3 years (Supplementary 

Table 4). Except for long-term verbal memory, the mediation effects of er-MedDiet adherence were not 

statistically significant. However, as represented in Supplementary Figure 1, er-MedDiet adherence 

explained the 31% and the 46% of the effects of short- and long-term verbal memory on 8% weight 

reduction in the first year, as well as the 21% of the effects of decision-making abilities. The respective 

values for 8% weight reduction after 3 years were 13% and 20% for short- and long-term verbal memory, 

17% for decision-making abilities, 16% for visuoconstructive praxis and attention and 11% for inhibition. 

Mean changes in cardiovascular biomarkers and intervention adherence  

As presented in Supplementary Table 5, cardiovascular biomarkers improved after 1 and 3 years of 

follow-up in the overall population (P<0.001). According to effect size estimates (Cohen‟s d), large mean 

reductions after 1 year were found for body weight (mean change of -3.7 kg; 95%CI -4.1, -3.3), BMI (-

1.4 kg/m
2
; 95%CI -1.5, -1.2), waist (-4.0 cm; 95%CI -4.5, -3.5), hip (-2.2 cm; 95%CI -2.6, -1.8), blood 

pressure (-2.6 mmHg; 95%CI -3.5, -1.8 for diastolic; and -5.5 mmHg; 95%CI -7.0, -4.1 for systolic blood 

pressure), fasting plasma glucose (-5.5 mg/dL; 95%CI -7.4, -3.7), total cholesterol (-5.2 mg/dL, 95%CI -

8.3, -2.0) and triglycerides (-18.6 mg/dL; 95%CI -24.6, -12.5). Compared to baseline values, after 3 years 

these reductions in body weight, waist, systolic blood pressure, LDL-cholesterol, total cholesterol and 

triglycerides were maintained, but for hip, diastolic blood pressure, fasting plasma glucose, HbA1c and 

HDL-cholesterol mean changes were smaller. 

Mean levels of PA largely increased after 1 year (mean change of 830.6 METs-minute/week, 95%CI 

618.1, 1043.1) and after 3 years (mean change of 820.1 METs-minute/week, 95%CI 605.9, 1034.4) in the 

overall sample. Daily energy intake decreased a mean of -161.1 Kcal (95%CI -210.1, -112.0) in the first 

year of follow-up but it increased a mean of 1119.5 Kcal (95%CI 677.2, 1561.9) in the third year of 

follow-up in the overall population. 

Mean changes in specific neuropsychological tests, mental health and QoL 



Table 3 includes baseline cognitive scores, mental health and QoL, and changes after 1 and 3 years of 

follow-up in all participants. Performance in some neuropsychological tests presented small mean 

improvements after 1 year. That was the case of RCFT immediate recall, RCFT delayed recall, RCFT 

recognition, and CPT-commission errors. Marginal improvements after 1 year were also observed in 

RAVTL immediate recall, RAVTL delayed recall, RCFT copy and CPT-omission errors. All these tests 

significantly improved after 3 years of intervention, with moderate changes for RCFT immediate recall 

(Cohen‟s d of 0.53; 95%CI 0.39, 0.67), RCFT delayed recall (Cohen‟s d of 0.68; 95%CI 0.54, 0.82) and 

RCFT recognition (Cohen‟s d of 0.48; 95%CI 0.34, 0.62), and small changes for RAVTL immediate 

recall (Cohen‟s d of 0.38 points; 95%CI 0.24, 0.52), RAVTL delayed recall (Cohen‟s d of 0.44; 95%CI 

0.30, 0.58), RCFT copy (Cohen‟s d of 0.37; 95%CI 0.23, 0.50), and CPT-commission errors (Cohen‟s d 

of -0.38; 95%CI -0.55, -0.22). However, performance on SMDT and IGT tests worsened after 3 years, 

although changes were small.  

Finally, mental health generally improved during the follow-up. On the one hand, BDI-II total score 

decreased -2.0 points after 1 and 3 years in the overall population. On the other hand, several SF-36 

scores (energy, health and physical functioning scores) greatly improved after 1 and 3 years in the overall 

population, and other SF-36 scores (emotional and physical role scores) only improved after 3 years.  

Measurement invariance of latent variables 

Latent constructs (global cognition, memory, executive functions, QoL and METSYN) were tested for 

measurement invariance and was confirmed for all constructs as shown in Supplementary Table 6 and 

Supplementary Table 7. 

Interplay between BMI and cognition 

As shown in Supplementary Table 8, global cognition increased after 3 years of follow-up (βSTD[μ∆COG] = 

0.62, P=0.027). The improvement of global cognition after 1 year of follow-up did not reach the statistical 

significance (βSTD[μ∆COG] = 0.48, P=0.073). This increase was mainly due to an improvement in memory at 

1 year (βSTD[μ∆COG] =0.88, P=0.002) and at 3 years (βSTD[μ∆COG] = 0.87, P<0.001), since executive functions 

did not present a significant mean change, neither at 1 year (βSTD[μ∆COG] = 0.07, P=0.793) nor at 3 years 

(βSTD[μ∆COG] = 0.17, P=0.684).  

The effect of baseline characteristics and er-MedDiet adherence at 1 year on baseline global cognition and 

memory and on their change after 1 and 3 years is represented in Figure 3. Age (βSTD=-0.44, P<0.001) 

and female gender (βSTD=-0.11, P=0.07) were negatively associated with baseline global cognition, while 



more years of education (βSTD=0.19, P=0.002) and higher IQ (βSTD=0.64, P<0.001) were associated with 

better cognitive function. Moreover, women presented lower increases in global cognition than men after 

3 years (βSTD=-0.22, P=0.052).  

Baseline memory performance was age (βSTD=-0.32, P<0.001) and IQ (βSTD=0.75, P<0.001) dependent. 

Higher adherence to the er-MedDiet at 1 year was associated with greater improvements in memory after 

3 years (βSTD=0.13, P=0.013). Moreover, higher age was negatively associated with the mean rate of 

change in memory after 1 year (βSTD=-0.41, P=0.021) but did not affect memory change after 3 years. 

Memory change after 3 years was also dependent on baseline memory performance (βSTD[β1]=-0.53, 

P<0.001). Moreover, memory chabge was also positively influenced by years of education (βSTD=0.21, 

P<0.001) and negatively influenced by the use of treatment for high cholesterol (βSTD=-0.09, P=0.059) 

and by a positive diagnosis of diabetes (βSTD=-0.18, P<0.001). As for global cognition, predictors of 

baseline performance in executive functions were age, education and IQ. In addition, women presented 

marginally lower baseline performance in executive functions than men (βSTD=-0.10, P=0.076). 

As expected, individuals with higher baseline BMI experienced greater reductions in their BMI after 1 

year (βSTD[β2]=-0.07, P=0.002) and after 3 years (βSTD[β2]=0.06, P=0.020) (Supplementary Figure 2A). 

The allocation to the IG, higher adherence to the er-MedDiet at 1 year and higher age predicted greater 

reductions in BMI after 1 and 3 years. Higher levels of education predicted less reductions in BMI after 1 

year (βSTD=0.09, P=0.010), as well as the use of medication for the treatment of high cholesterol, which 

also negatively influenced the decrease in BMI after 1 and 3 years.  

As shown in Figure 4A, there was evidence for correlated or coupled changes between BMI and memory 

at 1 year (βSTD[δ2]= -0.14, P=0.006), indicating that those with greater improvements in memory were, on 

average, those with greater reductions in BMI.  

A sub-analysis of the interplay between global cognition and BMI stratified by gender was performed and 

is available upon request. There were no differences between men and women in the predictors of the 

heterogeneity of changes in global cognition after 1 or 3 years. However, after 1 year the inverse coupled 

relationship between global cognition and BMI changes was observed in men (βSTD[δ2]=-0.160, P=0.032) 

but not in women (βSTD[δ2]=0.095, P=0.294). 

Interplay between PA and cognition 

As shown in Supplementary Figure 2B and Supplementary Table 9, baseline levels of PA (PAT0) were 

negatively associated with female gender (βSTD=-0.16, P<0.001) and positively influenced by age 



(βSTD=0.18, P<0.001). In addition to IG allocation, increases in PA (∆PA) at 1 and 3 years were 

negatively influenced by baseline levels of PA so, as expected, those that were more active at baseline 

experienced less improvements in PA. After 3 years, women also experienced less increases in PA than 

men (βSTD=-0.09, P=0.031). As shown in Figure 4B, there was evidence for coupled change between 

memory and PA after 3 years of follow-up (βSTD[δ2]= 0.13, P=0.036), so those that presented greater 

improvements in memory were those that experienced greater increases in PA. 

Interplay between QoL and cognition 

As shown in Supplementary Figure 2C and Supplementary Table 10, baseline QoL (QOLT0) was 

negatively influenced by being women (βSTD=-0.34, P<0.001) and by the use of tranquilizers or sedatives 

(βSTD=-0.37, P<0.001), and it was positively influenced by age (βSTD=0.13, P=0.039) and by years of 

education (βSTD=0.12, P=0.027). The mean rate of change in QoL after 1 and 3 years did not reach 

statistical significance (βSTD[μ∆COG] = 0.16, P=0.198 at 1 year; and βSTD[μ∆COG] = 0.13, P=0.304). Change in 

QoL at both 1 and 3 years was dependent on baseline levels (P<0.001), and enhanced by the study 

intervention (βSTD=0.22, P<0.001 at 1 year and βSTD=0.14, P=0.012 at 3 years). Women experienced less 

improvements in QoL than men at 1 year (βSTD=-0.15, P=0.009) and at 3 years (βSTD=-0.15, P=0.016). 

There was evidence for correlated change between executive functions and QoL (Figure 4C) at both 1 

year (βSTD[δ2]= 0.83, P=0.007) and 3 years (βSTD[δ2]= 1.16, P=0.011), which was also translated in 

correlated change between global cognition and QoL at 1 year (βSTD[δ2]= 0.73, P=0.008) and 3 years 

(βSTD[δ2]= 0.88, P=0.003). 

Interplay between METSYN and cognition 

As shown in Supplementary Figure 2D and Supplementary Table 11, according to the BLCSM of 

memory and METSYN, the negative rate of change in METSYN did not reach statistical significance 

(βSTD=-0.11, P=0.515) after 1 year of follow-up. At baseline, women presented a worse METSYN profile 

than men (βSTD=-0.77, P<0.001). Change in METSYN was proportional to the baseline profile and any 

improvement (decrease) was enhanced by the er-MedDiet intervention (βSTD=-0.57, P<0.001). Finally, 

there was marginal evidence for correlated changes between memory and METSYN (βSTD[δ2]=-0.35, 

P=0.088), so those that experienced greater improvements in their METSYN were those that experienced 

greater improvements in memory performance after 1 year of follow-up (Figure 4D).   



DISCUSSION 

Main findings 

In the PREDIMED-Plus-Cognition sub-study we were interested in evaluating which cognitive profiles 

are associated with the goal of achieving at least 8% weight loss and studying the impact of weight 

reduction on participant‟s cognition. We observed that only one third of participants from the IG achieved 

the weight reduction goal after 1 and 3 years of follow-up. An increased odds of reaching the 8% weight 

reduction goal was found among individuals with better performance in verbal memory, reaction time and 

decision-making abilities at baseline. A higher visuoconstructive praxis and attention and lower 

impulsivity further contributed to the sustainability of intervention effects. Moreover, several cognitive 

abilities improved after 1 and 3 years of follow-up in the overall population, including short- and long-

term visuospatial and verbal memory, selective and sustained attention, inhibition, and visuoconstructive 

praxis. Cognitive improvements presented inter-individual differences and adherence to the MedDiet, 

gender, age and diabetes are contributing factors to this heterogeneity in cognition. We also found 

evidence for correlated changes between cognition and some intervention outcomes; specifically, the 

associations of higher improvements in cognition with greater reductions in BMI, and higher 

improvements in PA and QoL.  

Neuropsychological predictors of 8% weight loss in participants allocated to the IG 

Our results are in agreement with previous studies proposing that the executive functions profile predicts 

weight loss outcome, as limiting the calorie intake requires strong planning and inhibitory control skills 

(61,62). Moreover, higher verbal memory skills may help consolidating the knowledge about the benefits 

of MedDiet and exercise, which may facilitate adherence to the proposed intervention, and consequently 

the achievement of the weight reduction goal (63). Accordingly, high adherence to the MedDiet mediated 

almost half of the association between baseline long-term verbal memory and the achievement of the 8% 

weight reduction goal in the first year. However, in the third year of follow-up MedDiet adherence 

mediated a lower proportion of such association, so other factors might better explain this relationship. 

Overall, these findings support that participants achieved different rates of compliance with the 

intervention and, consequently, the efficacy of lifestyle interventions could increase if they are more 

personalized and adapted to individual‟s cognitive characteristics and needs. There is a need to develop 

effective behavioral change techniques that can reduce the demands on executive functions among 

individuals with obesity exhibiting a dysexecutive profile (64).  



Changes in cognition after 1 and 3 years in the overall population 

At baseline participants displayed a normal cognitive function. Although mean cognitive changes after 1 

and 3 years were small, several neuropsychological tests presented improvements in the overall 

population, in agreement with previous studies with MedDiet (65,66). At the 1
st
 year, small and marginal 

improvements were detected for short- and long-term visuospatial and verbal memory, as well as for 

selective and sustained attention and inhibition. At the 3
rd

 year, greater (but still moderated) changes in 

cognitive performance were found for all these domains, as well as, for visuoconstructive praxis. Our 

results are consistent with evidences from observational studies about the direct beneficial associations of 

the MedDiet with brain structure and function, specifically increased cortical thickness (67,68), greater 

brain volumes (69), slower rate of brain atrophy (70,71), improved structural connectivity and reduced 

amyloid accumulation at midlife and older age (72,73). Our results also align with existing evidence 

showing a moderate association between the traditional MedDiet and improved cognitive performance, 

reduced risk of MCI and dementia, delayed Alzheimer‟s disease (AD) onset and lower mortality in 

patients with AD (22,74–80).  

When studying cognitive changes using latent variables, we observed a mean improvement in memory 

after 1 year but especially after 3 years, which is relevant as memory decline is considered a predictor of 

cognitive impairment (81). Although improvements in executive functions did not reach statistical 

significance, we did observe significant improvements in global cognition (comprising all the tests from 

memory and executive functions) at 3 years.  

Determinants of the heterogeneity in cognitive change 

Importantly, we show that individual changes in cognition were not uniform among participants despite 

belonging to the same intervention group. Unraveling this heterogeneity is crucial for understanding the 

impact of preventive interventions for cognitive decline (82). The allocation to IG vs CG was not a 

predictor of cognitive change, probably because both groups received recommendations to follow a 

MedDiet to prevent cardiovascular diseases and only differed in the provision of advice for calorie 

restriction, weight loss and physical activity, as well as, in the frequency of the follow-up (31). Indeed, 

higher adherence to the er-MedDiet was associated with greater improvements in memory after 3 years, 

independent of intervention group allocation. This finding contrasts with previous studies that have 

demonstrated benefits of the MedDiet adherence on global cognition, but not on memory nor on 



executive functions (83,84). The overall composition of the MedDiet may be the responsible of the 

modest cognitive improvements observed in the overall population. 

Gender also appeared as a main determinant of the within-subject change in cognition. Specifically, 

women experienced less improvement than men in global cognition after 3 years. On the other hand, as 

expected, changes in QoL and PA were higher among individuals with lower baseline scores of QoL and 

PA because their scope for improvement was higher. But paradoxically, although women presented lower 

baseline levels of QoL and PA than men, the within-subject change in QoL and PA was also lower in 

women than in men. Finally, gender did not influence the reduction in BMI experienced by our 

participants. Although gender is known to be an important aspect when considering cognition, there is a 

lack of studies investigating gender-specific effects on the response to lifestyle interventions (85).  

Finally, older age and diabetes negatively influenced memory changes after 1 and 3 years, respectively. 

Our results align with existing evidence on diabetes as a risk factor for dementia (86,87), and on lower 

cognitive performance of individuals with type 2 diabetes (6). Future studies should explore the effect of 

different diabetic medications on cognition, as it is a growing topic of discussion (88,89).  

Interrelationships between cognitive and weight changes 

We observed a coupled change relationship between memory and BMI and PA, whereby a reduction in 

BMI during the 1
st
 year of follow-up was associated with improvements in memory; and an increase in 

PA at the 3
rd

 year of follow-up was positively related with an increase in memory. Participants were more 

intensively followed during the first year and this could explain why changes in cognition correlated with 

changes in BMI only at the first year. Therefore, reductions in BMI were more pronounced in the first 

year than in the third, which is in accordance with evidence from behavioral interventions suggesting that 

weight loss typically peaks at 6 months into the weight loss attempt, followed by gradual regain of weight 

in most individuals (61). Results suggest that cognitive benefits accumulated with time, so that greater 

improvements were observed at the third year of follow-up than in the first one. On the other hand, in a 

sub-analysis stratified by gender we observed that reductions in BMI only correlated with improvements 

in global cognition in men, but not in women. Further research in needed to better understand these 

differences.  

Our results also suggest that weight loss could directly affect cognition. Although there were 

improvements in the metabolic profile of study participants, the correlation between 1-year reductions in 

the latent variable of METSYN (comprised by waist, triglycerides, HDL-cholesterol (reversed), systolic 



blood pressure and glucose) and improvements in memory and global cognition did not reach statistical 

significance. A possible explanation would be that different mechanisms explain the interrelationships 

between cognition and the variables that compose the METSYN. Some studies have reported that the 

direct effect of weight reduction on cognition is plausible (24). However, in contrast to previous studies 

showing cognitive benefits in individuals with obesity but not in those with overweight (24), we did not 

find that baseline BMI affected cognitive change. Moreover, although benefits related to weight loss seem 

to be strongly associated with increased physical activity (90,91), in our study cognitive function 

correlated with BMI and PA changes at different time points, suggesting that different predictors and 

mechanisms could operate for BMI and PA. In fact, BMI changes were affected by the study intervention, 

age (older participants exhibited greater reductions in BMI at 1 and 3 years), education (higher years of 

education were related with lower reductions in BMI at 1 year) and cholesterol treatment (which was also 

associated with less BMI reductions at 1 and 3 years). In turn, PA changes were only affected by the 

study intervention and by the gender of participants. Gender differences in the adherence to the MedDiet 

or PA programs, as well as, in well-being and QoL have already been reported in previous studies (92–

94), and could be partially explained by the lower scoring of women in self-efficacy, coping resources 

and control over life (95).  

Finally, an increase in global cognition and executive functions correlated with an increase in the QoL of 

individuals. This is important given that cognitive changes may not be perceptible to individuals but they 

may become more relevant if they are coupled with improvements in the QoL. Moreover, depressive 

symptomatology decreased in the overall population, suggesting the benefits of the MedDiet in both 

positive and negative aspects of mental health. Ultimately, dynamic coupling between QoL, PA, BMI and 

cognition could be crucial for the maintenance of cognitive abilities in later life and may explain why 

declines are often strongly correlated and why multidomain interventions targeting multiple lifestyle risk 

factors simultaneously might be more effective. 

Strengths and limitations 

The strengths of this study include the wide range of cognitive abilities that were evaluated, which 

provide detailed evidence about the interplay between specific cognitive domains, weight reduction and 

the impact of a MedDiet intervention. Another strength is the use of latent variables represented by 

several indicators of memory, executive functions, global cognition, QoL and metabolic syndrome. Using 

multiple indicators for each latent variable has the advantage of removing measurement error and 



establishing measurement invariance over time, thus improving inferences (56). Moreover, the use of 

latent change score models is a novel approach for testing the effects of the MedDiet on cognition. With 

these models we assumed intraindividual trajectories, established temporal precedence and drew 

inferences derived from causal hypotheses.  

However, some limitations must be mentioned. First, there were losses in the follow-up of the evaluation 

of the cognitive function after 1 year (13.3%) and, especially, after 3 years (22.4%). They were not 

unexpected given the burden of such visits and the fact that the neuropsychological visits were performed 

in different days than the “cardiovascular” visits. To deal with this missing data problem, all the analyses 

of 1-year and 3-years change in each cognitive test were computed using inverse probability weights. 

Weights were applied to the subjects with no missing outcome data, so it was assumed that those who 

were unsuccessfully followed presented cognitive scores that could be accurately estimated from those 

successfully followed. Also, missing data in BLCSM was handled with FIML, which maximizes the 

utility of all existing data, decreases bias and increases statistical power compared to complete case 

analysis (96). Compared to multiple imputation, FIML performs better and produces stable estimations 

across uses (97,98). Second, we did not have information regarding genetic risk factors of cognitive 

impairment, including the APOE genotype of participants, which could influence the results (99). 

However, we found modest improvements in the cognitive performance of the overall population, 

suggesting that in the study period considered the genetic status of participants had little impact and/or 

was compensated by the lifestyle intervention. Third, it is important to note that in the analysis of 

cognitive predictors of 8% weight reduction we obtained wide confidence intervals reaching the null 

effect cut-off (OR=1). However, our results are interpreted under the premise that the OR point estimate 

is the most compatible result, and values near it are more compatible than those near the limits (100). 

  



CONCLUSION 

To conclude, this is the first study to examine the within-subject dynamic relations between the 

naturalistic trajectories of cognition, QoL, BMI, PA and metabolic syndrome in older adults at risk of 

cardiovascular disease following a MedDiet intervention. Altogether results from this study suggest that 

initial performance in some cognitive functions (i.e. better performance on executive functions and 

visuoconstructive skills) are related to the success on the weight loss goal. Additionally, following an 

eating pattern based on the MedDiet, either with or without energy restriction, has shown to slow-down 

age-related cognitive decline and promote improvements in some cognitive functions (i.e. inhibition, 

attention, visuoconstructive praxis, visuospatial and verbal memory). Larger improvements in memory 

are related to a higher adherence to MedDiet. However, relevant gender differences were observed mainly 

related to the impact of weight reduction on the cognitive performance and perceived QoL. This issue 

should be explored in future studies to better understand the underlaying mechanism of action and design 

gender-specific interventions.  

In summary, findings from this study can help to identify people who have less probability of responding 

to a lifestyle-based preventive intervention for cognitive decline, giving the opportunity to improve the 

preventive strategy by applying more personalized and intensive interventions. Taken together, our 

findings refine the understanding of the determinants and interrelationships of cognitive change and add 

to existing evidence about the cognitive benefits associated with the MedDiet. 
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TABLES AND FIGURES 

Table 1. Description of study participants  

  
N % 

N   487 100 

Variable Category     

Treatment group 
Control 247 50.7 

Intervention 240 49.3 

Gender 
Men 241 49.5 

Women 246 50.5 

Age Mean (SD) 487 65.2 (4.7) 

Origin 
European 479 98.4 

Latin American 8 1.6 

Education (years) Mean (SD) 487 11.7 (5.3) 

Education level 

Primary 260 53.4 

Secondary 142 29.2 

University (grade) 38 7.8 

University (higher) 47 9.7 

Employment status 

Employed 91 18.7 

Unemployed 36 7.4 

Housework 50 10.3 

Retired 302 62.1 

Other 7 1.4 

Missing 1   

Civil status 

Married 382 78.4 

Single 54 11.1 

Widowed 51 10.5 

Smoking status 

Never smoker 239 49.1 

Smoker 59 12.1 

Former smoker 189 38.8 

Cholesterol treatment  245 50.3 

Diabetes status 

Normal 264 54.2 

Prediabetes 75 15.4 

Diabetes 148 30.4 

Use of tranquilizers or sedatives  112 23 

Intelligence Quotient estimation1 Mean (SD) 487 92.0 (39.5) 

MMSE2  Mean (SD) 482 28.6 (1.7) 
1Obtained from the WAIS-III Vocabulary Subtest.  

2MMSE, Mini-Mental State Examination. 

N= number. SD= standard deviation. 

  



Table 2. Distribution of intervention adherence, BMI and depressive symptomatology categories at baseline, 1 year and 3 years in 

all population and in individuals allocated to the intervention group that achieved or not the goal of 8% weight reduction 

   

All 

Intervention group [N=240] 

   

8% weight reduction 

after 1 year 

8% weight reduction 

after 3 years 

   
No Yes No Yes 

Variable Time Category N % N % N % N % N % 

Total N1 
  

487 100 149 100 89 100 155 100 77 100 

8% weight reduction 

1 year  
104 21.5 

    
27 17.5 62 81.6 

Missing 3 
         

3 years  
95 20.3 14 9.9 62 69.7 

    
Missing 18 

         

Er-MedDiet adherence 

Baseline 

Low 221 45.4 72 48.3 39 43.8 71 45.8 38 49.4 

Medium 202 41.5 60 40.3 37 41.6 65 41.9 28 36.4 

High 64 13.1 17 11.4 13 14.6 19 12.3 11 14.3 

1 year 

Low 43 9.2 7 4.9 1 1.1 6 4.0 0 0.0 

Medium 120 25.5 28 19.7 7 8.0 25 16.7 9 12.0 

High 307 65.3 107 75.4 80 90.9 119 79.3 66 88.0 

Missing 17 
   

1 
     

3 years 

Low 36 8.2 5 3.9 1 1.2 5 3.6 1 1.3 

Medium 121 27.4 18 14.1 17 19.5 23 16.4 12 15.8 

High 284 64.4 105 82.0 69 79.3 112 80.0 63 82.9 

Missing 46 
   

2 
 

5 
   

Physical activity2 

Baseline 

Sedentary 76 15.6 14 9.4 15 16.9 12 7.7 14 18.2 

Under-active 326 66.9 104 69.8 58 65.2 114 73.5 45 58.4 

Moderately active 44 9 15 10.1 11 12.4 13 8.4 13 16.9 

Active 41 8.4 16 10.7 5 5.6 16 10.3 5 6.5 

1 year 

Sedentary 27 5.7 7 4.9 4 4.5 6 4.0 3 4.0 

Under-active 312 66.4 84 58.7 55 61.8 94 62.3 43 56.6 

Moderately active 62 13.1 19 13.3 13 14.6 18 11.9 14 18.4 

Active 72 15.2 33 23.1 17 19.1 33 21.9 16 21.1 

Missing 14 
 

6 
 

0 
 

4 
 

1 
 

3 years 

Sedentary 44 10 9 7.0 9 10.3 11 7.8 7 9.2 

Under-active 274 62 71 55.0 55 63.2 84 59.6 43 56.6 

Moderately active 62 14 21 16.3 9 10.3 20 14.2 10 13.2 

Active 62 14 28 21.7 14 16.1 26 18.4 16 21.1 

Missing 45 
 

20 
 

2 
 

14 
 

1 
 

BMI category 

Baseline 

Normal weight 0 0 0 0.0 0 0.0 0 0.0 0 0.0 

Over-weight 133 27.3 50 33.6 23 25.8 48 31.0 23 29.9 

Obesity I 236 48.5 64 43.0 44 49.4 68 43.9 36 46.8 

Obesity II 118 24.2 35 23.5 22 24.7 39 25.2 18 23.4 

1 year 

Normal weight 9 1.9 0 0.0 8 9.0 3 2.0 5 6.6 

Over-weight 195 40.3 69 46.3 53 59.6 71 46.1 49 64.5 

Obesity I 203 41.9 57 38.3 25 28.1 60 39.0 18 23.7 

Obesity II 74 15.3 23 15.4 3 3.4 20 13.0 4 5.3 

Obesity III 3 0.6 0 0.0 0 0.0 0 0.0 0 0.0 

Missing 3 
 

0 
 

0 
 

1 
 

1 
 

3 years 

Normal weight 7 1.5 1 0.7 5 5.6 1 0.7 5 6.5 

Over-weight 171 36.5 59 41.8 50 56.2 62 40.0 47 61.0 

Obesity I 206 43.9 60 42.6 28 31.5 66 42.6 23 29.9 

Obesity II 79 16.8 19 13.5 6 6.7 24 15.5 2 2.6 

Obesity III 6 1.3 2 1.4 0 0.0 2 1.3 0 0.0 

Missing 18 
 

8 
 

0 
 

0 
 

0 
 



Depressive 

symptomatology3 

Baseline 

No or Minimal 304 62.4 94 63.1 54 60.7 94 60.6 52 67.5 

Mild-to-moderate 140 28.7 42 28.2 25 28.1 48 31.0 18 23.4 

Moderate-to-severe 43 8.8 13 8.7 10 11.2 13 8.4 7 9.1 

1 year 

No or Minimal 329 74.1 102 76.7 70 82.4 110 77.5 60 82.2 

Mild-to-moderate 95 21.4 28 21.1 12 14.1 29 20.4 10 13.7 

Moderate-to-severe 20 4.5 3 2.3 3 3.5 3 2.1 3 4.1 

Missing 43 
 

16 
 

4 
 

13 
 

4 
 

3 years 

No or Minimal 315 74.5 89 73.0 66 77.6 95 70.9 61 82.4 

Mild-to-moderate 83 19.6 29 23.8 14 16.5 34 25.4 9 12.2 

Moderate-to-severe 25 5.9 4 3.3 5 5.9 5 3.7 4 5.4 

Missing 64 
 

27 
 

4 
 

21 
 

3 
 

BMI= body mass index; er-MedDiet= energy-restricted Mediterranean Diet. 
1Comparisions relative to the total sample (N=487) or to the intervention group sample (N=240) 
2Physical activity categories from the Rapid Assessment of physical activity (RAPA-1) questionnaire. 
3Depressive symptomatology categories from the Beck‟s Depression Inventory II (BDI-II) 

 



 

Table 3. Baseline cognitive scores, mental health and quality of life, and changes after 1 and 3 years of follow-up 

in all population [N=487] 

  Time 
Missing 

Mean (95%CI) Cohen’s d (95%CI) E. size P-value* 
N (%) 

Cognitive performance 

RAVTL: 

immediate 

recall 

Baseline 1 (0.2) 7.5 (7.3, 7.7) Ref     

1y change 67 (13.8) 0.3 (0.0, 0.5) 0.14 (0.00, 0.27) VS 0.064 

3y change 110 (22.6) 1.0 (0.6, 1.3) 0.38 (0.24, 0.52) S <0.001 

RAVTL: 

delayed recall 

Baseline 1 (0.2) 7.3 (7.1, 7.6) Ref 
 

  

1y change 66 (13.6) 0.3 (0.0, 0.5) 0.12 (-0.02, 0.25) VS 0.064 

3y change 110 (22.6) 1.2 (0.8, 1.5) 0.44 (0.30, 0.58) S <0.001 

RCFT: 

immediate 

recall 

Baseline 9 (1.8) 14.6 (14, 15.2) Ref 
 

  

1y change 73 (15) 1.2 (0.7, 1.8) 0.30 (0.16, 0.43) S <0.001 

3y change 115 (23.6) 2.4 (1.8, 3) 0.53 (0.39, 0.67) M <0.001 

RCFT: 

Delayed recall 

Baseline 10 (2.1) 14.2 (13.6, 14.8) Ref 
 

  

1y change 78 (16) 1.3 (0.8, 1.8) 0.33 (0.20, 0.46) S <0.001 

3y change 117 (24) 3.0 (2.4, 3.6) 0.68 (0.54, 0.82) M <0.001 

RCFT: 

recognition 

Baseline 0 (0) 19.1 (18.9, 19.4) Ref 
 

  

1y change 65 (13.3) 0.8 (0.6, 1.1) 0.38 (0.24, 0.51) S <0.001 

3y change 109 (22.4) 1.3 (0.9, 1.7) 0.48 (0.34, 0.62) M <0.001 

RCFT: copy 

Baseline 7 (1.4) 27.7 (27.1, 28.4) Ref 
 

  

1y change 74 (15.2) 0.4 (-0.1, 0.9) 0.10 (-0.04, 0.23) VS 0.090 

3y change 115 (23.6) 1.7 (1.0, 2.3) 0.37 (0.23, 0.50) S <0.001 

SMDT  

Baseline 50 (10.3) 36.7 (35.5, 37.9) Ref 
 

  

1y change 113 (23.2) -0.7 (-1.6, 0.1) -0.11 (-0.25, 0.03) VS 0.137 

3y change 143 (29.4) -2.2 (-3.6, -0.8) -0.25 (-0.39, -0.10) S <0.001 

Stroop: 

Interference 

Baseline 0 (0) -0.4 (-1.3, 0.5) Ref 
 

  

1y change 65 (13.3) -0.2 (-1.1, 0.6) -0.04 (-0.17, 0.09) VS 0.991 

3y change 109 (22.4) -0.8 (-1.9, 0.4) -0.10 (-0.23, 0.04) VS 0.086 

CPT: 

Commission 

errors3 

Baseline 11 (2.6) 22.3 (20.8, 23.9) Ref 
 

  

1y change 152 (36.5) -1.5 (-2.7, -0.2) -0.18 (-0.32, -0.03) S 0.014 

3y change 269 (64.5) -2.6 (-3.9, -1.3) -0.38 (-0.55, -0.22) S <0.001 

CPT: Hit 

reaction time3 

Baseline 14 (3.4) 461.1 (453.1, 469.1) Ref 
 

  

1y change 87 (20.9) -1.3 (-9.7, 7.2) -0.02 (-0.17, 0.12) VS 0.793 

3y change 202 (48.4) -10.7 (-23.4, 1.9) -0.19 (-0.36, -0.02) S 0.274 

CPT: Omission 

errors3 

Baseline 10 (2.4) 7.3 (5.9, 8.7) Ref 
 

  

1y change 81 (19.4) -1.1 (-2.8, 0.5) -0.10 (-0.25, 0.04) VS 0.099 

3y change 198 (47.5) 0.8 (-1.8, 3.3) 0.06 (-0.10, 0.23) VS 0.865 

IGT: total3 

Baseline 18 (4.3) 2.1 (0, 4.2) Ref 
 

  

1y change 96 (23.0) 0.8 (-2.4, 4) 0.04 (-0.11, 0.19) VS 0.412 

3y change 192 (46.0) 5.0 (0.8, 9.2) 0.26 (0.09, 0.42) S 0.024 

Mental health: Depressive symptomatology (BDI) and QoL (SF-36) 

BDI-II: total 

score 

Baseline 0 (0) 8.5 (7.9, 9.1) Ref     

1y change 43 (8.8) -1.9 (-2.4, -1.4) -0.75 (-0.89, -0.61) M <0.001 

3y change 64 (13.1) -2.0 (-2.6, -1.4) -0.79 (-0.93, -0.65) L <0.001 

SF-36: Energy 

score 

Baseline 18 (3.7) 61.5 (59.6, 63.5) Ref 
 

  

1y change 63 (12.9) 3.3 (1.5, 5.0) 0.73 (0.59, 0.87) M <0.001 



3y change 85 (17.5) 2.6 (0.8, 4.5) 0.59 (0.45, 0.73) M 0.004 

SF-36: Health 

score 

Baseline 14 (2.9) 48.6 (47.6, 49.6) Ref 
 

  

1y change 67 (13.8) 2.0 (1.0, 3.0) 0.61 (0.47, 0.74) M <0.001 

3y change 79 (16.2) 1.3 (0.2, 2.3) 0.38 (0.25, 0.51) S 0.019 

SF-36: Pain 

score 

Baseline 4 (0.8) 67.5 (65.2, 69.8) Ref 
 

  

1y change 47 (9.7) 0.4 (-2.0, 2.8) 0.08 (-0.05, 0.21) VS 0.616 

3y change 70 (14.4) 1.6 (-1.0, 4.2) 0.31 (0.18, 0.45) S 0.198 

SF-36: 

Physical 

functioning 

score 

Baseline 25 (5.1) 75.1 (73.3, 76.9) Ref 
 

  

1y change 77 (15.8) 4.0 (2.4, 5.6) 0.94 (0.79, 1.09) L <0.001 

3y change 91 (18.7) 4.6 (2.9, 6.3) 1.08 (0.92, 1.23) L <0.001 

SF-36: 

Emotional role 

score 

Baseline 4 (0.8) 86.2 (83.5, 88.9) Ref 
 

  

1y change 51 (10.5) 1.3 (-1.8, 4.4) 0.24 (0.11, 0.37) S 0.242 

3y change 70 (14.4) 5.1 (1.9, 8.3) 0.91 (0.77, 1.05) L 0.002 

SF-36: 

Physical role 

score 

Baseline 7 (1.4) 76.1 (73.0, 79.2) Ref 
 

  

1y change 54 (11.1) 1.9 (-1.5, 5.4) 0.32 (0.19, 0.45) S 0.389 

3y change 72 (14.8) 3.9 (0.1, 7.7) 0.64 (0.50, 0.78) M 0.040 

SF-36: Social 

score 

Baseline 12 (2.5) 77.7 (76.1, 79.3) Ref 
 

  

1y change 57 (11.7) -1.5 (-3.2, 0.3) -0.35 (-0.48, -0.22) S 0.195 

3y change 78 (16) -0.2 (-2.1, 1.7) -0.04 (-0.18, 0.09) VS 0.985 

SF-36: 

Wellbeing 

score 

Baseline 21 (4.3) 74.5 (72.7, 76.3) Ref 
 

  

1y change 76 (15.6) -0.1 (-1.7, 1.6) -0.01 (-0.14, 0.12) VS 0.786 

3y change 76 (15.6) -0.1 (-1.7, 1.6) -0.01 (-0.14, 0.12) VS 0.786 

95%CI= 95% confidence interval. BDI=Beck's Depression Inventary -II. CPT= Conner's Performance Task. IGT= Iowa Gambling 

Task. N= number. RAVTL= Rey Auditory Verbal Learning Test. RCFT= Rey-Osterrieth Complex Figure Test. Ref= Reference 
category. SDMT= Symbol Digit Modalities Test. 1y= 1 year. 3y= 3 years. 
#Inverse probability weights were applied to compute 1y and 3y mean change and P-values. 
1Positive/negative values for 1y and 3y change indicate increase and decrease, respectively, compared to the baseline value. 
2Effect Size: VS= very small (Cohen‟s d <0.2); S= small (Cohen‟s d (0.2-0.5)); M= medium (Cohen‟s d (0.5-0.8)); L= large (Cohen‟s d 

(0.8-1.2)); VL= very large (Cohen‟s d ≥ 1.2).  
3IGT and CPT tests were not applied to participants recruited in the University of Valencia (N=70), so the sample size is N=417. For 
CPT, higher scores indicate worse performance. 

*1-year and 3-years change from baseline were analyzed using linear mixed effects models, adjusted by intervention group, gender, 

baseline age, years of education, intelligence quotient, use of lipid-lowering drugs, use of tranquilizers or sedatives, prediabetes and 
diabetes, smoking status and baseline weight (only for cognitive scores). Participant and study site were included as random effects. 

 



 

 
 

Figure 1. Summary of the main results of the present study.  



 
Figure 2. Multivariable-adjusted* odds ratio (OR) and 95% confidence intervals (95%CI) of 8% weight reduction from baseline to year 1 and year 3 (left panel) and high er-

MedDiet adherence at 1 and 3 years (right panel) according to baseline cognitive scores (z-scores) in individuals allocated to the intervention group [N=240].*Models were 

adjusted by gender, age, years of education, intelligence quotient, diabetes, prediabetes, use of treatment for cholesterol, use of tranquilizers or sedatives, smoking status, baseline 

weight and study center. er-MedDiet= energy-restricted Mediterranean diet. RAVTL= Rey Auditory Verbal Learning Test. RCFT= Rey-Osterrieth Complex Figure Test. SDMT= 

Symbol Digit Modalities Test. IGT= Iowa Gambling Task. CPT= Conner's Performance Task. HRT= hit reaction time. CPT and IGT scores were not applied to participants to 

participants recruited in the University of Valencia, so the sample size for these tests is N=215. Higher scores in CPT indicate worse performance.   



 

 

Figure 3. Structural Equation Model (SEM) representations of the univariate part of bivariate latent change score models (BLCSM) of global cognition and memory, showing (A) the effect of 

baseline characteristics on baseline global cognition and the mean rate of change in global cognition (∆COG); and (B) the effect of baseline characteristics on baseline memory and the mean rate of 

change in memory (∆COG). Values represent standardized estimates; orange color indicates change from baseline (T0) to 1 year (T1), while blue color indicates change from T0 to 3 years (T3). 

*P<0.05. #P<0.10. Bold lines refer to significant coefficients (<0.05 or <0.10 level). Measurement invariance of latent variables and correlated residual errors over time were assumed.



  
Figure 4. Structural Equation Model (SEM) representations of bivariate latent change score models (BLCSM) from Supplementary Tables 

7-10. (A) Coupled change between memory and body mass index (BMI). (B) Coupled change between memory and physical activity (PA). 

(C) Coupled change between executive functions and quality of life (QoL). (D) Coupled change between cognition and metabolic syndrome 

(METSYN). Values represent standardized estimates; orange color indicates change from baseline (T0) to 1 year (T1), while blue color 

indicates change from T0 to 3 years (T3). *P<0.05. 
#
P=0.08. Bold lines refer to significant coefficients (<0.05 level). Measurement 

invariance of latent variables and correlated residual errors over time were assumed.  



 


