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Carlos Gómez-Martı́nez1,2,3, Nancy Babio1,2,3,4*, Jordi Júlvez2, Nerea Becerra-Tomás1,2,3,
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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 HbA1c 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 (HbA1c) 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 [b=-0.0094 (95%CI -0.0164;-0.0023)], but also between HbA1c 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%CI -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.
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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
studyusing2 years offollow-updata. ThePREDIMED-Plus study is
amulticenter, randomized,parallel-groupclinical 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/m2) 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 (HbA1c) 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, 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. Self-reported diabetes duration was categorized in <5-year
and ≥5-year diabetes duration. Prediabetes status was defined as
HbA1c 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 [HbA1c <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.
Frontiers in Endocrinology | www.frontiersin.org 4
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 themean and SDof 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; c) HbA1c levels; d) glycemic control
measured by HbA1c 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 (METmin/week),
smoking habits (smoker; former smoker; never smoker), alcohol
intake (g/day), 17-point Mediterranean diet score, BMI (kg/m2),
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-offswere defined by the
dichotomization of neuropsychological assessments at the
respective visits. Cognitive impairment was defined as GCF ≤10th

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 ≥ respective mean + 1.5*SD (22–25).

Interaction analyses between glycemic status (diabetes status,
HOMA-IR, HbA1c, 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%
Frontiers in Endocrinology | www.frontiersin.org 5
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 HbA1c 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 awoman. Participantswithout diabetesweremore 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 (55.27)
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 (13.17) 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 ± 14.6 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/m²) 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
HbA1c (mmol/mol) 36.4 ± 4.7 40.5 ± 3.5 49.3 ± 10.2 54.7 ± 13.1 <0.001
HbA1c (%) 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 5.11 ± 2.20 5.19 ± 2.19 4.93 ± 2.15 0.043
VFT-a (n=6816) 16.4 ± 5.00 16.1 ± 4.75 16.1 ± 4.84 15.2 ± 4.65 <0.001
VFT-p (n=6816) 12.6 ± 4.62 12.4 ± 4.53 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 ± 72.3 144.2 ± 79.6 <0.001
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<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
Frontiers in Endocrinology | www.frontiersin.org 6
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 (0.03, 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*
O
ctober 2021 | Volume 12 | Article
<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.
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/m²), 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, VFT-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 b coefficients
or significances after the Benjamini-Hochberg correction
were shown.

Table 4 presents the association between baseline HbA1c

levels (per one mmol/mol increment) and 2-year changes in
cognitive Z-scores. An inverse association was observed between
baseline HbA1c levels and the GCF score, as well as the MMSE,
VFT-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,
HbA1c 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
Frontiers in Endocrinology | www.frontiersin.org 7
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 (HbA1c ≥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
October 2021 | Volume 12 | Article
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.
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/m²), 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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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 HbA1c

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 HbA1c 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, whichmeasures workingmemory. Concerningmemory
function, we also assessed immediate verbal memory using the
DST-f test, which was borderline inversely associated with the
Frontiers in Endocrinology | www.frontiersin.org 8
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
TABLE 4 | Association between baseline HbA1c levels (per one mmol/mol increment) and cognitive Z-scores changes.

Z-scores Model 1 Model 2

b (95% CI) P-value b (95% CI) P-value

GCF (n=4406) -0.0085 (-0.0115, -0.0055) <0.001* -0.0056 (-0.0081, -0.0030) <0.001*
MMSE (n=5162) -0.0043 (-0.0071, -0.0015) 0.002* -0.0029 (-0.0055, -0.0002) 0.035*
CDT (n=5166) -0.0017 (-0.0043, 0.0009) 0.210 -0.0007 (-0.0032, 0.0019) 0.615
DST-f (n=4601) -0.0030 (-0.0061, 0.0001) 0.058 -0.0015 (-0.0045, 0.0015) 0.330
DST-b (n=4600) -0.0042 (-0.0072, -0.0013) 0.005* -0.0023 (-0.0051, 0.0005) 0.114
VFT-a (n=5316) -0.0071 (-0.0099, -0.0043) <0.001* -0.0051 (-0.0078, -0.0024) <0.001*
VFT-p (n=5316) -0.0087 (-0.0118, -0.0056) <0.001* -0.0063 (-0.0091, -0.0035) <0.001*
TMT-A (n=5307)§ 0.0074 (0.0045, 0.0103) <0.001* 0.0053 (0.0025, 0.0081) <0.001*
TMT-B (n=5296)§ 0.0072 (0.0043, 0.0100) <0.001* 0.0045 (0.0019, 0.0072) 0.001*
October 2021 | Volume 12 | Article
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.
Missing data on HbA1c (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/m²), 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.
754347

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles
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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 HbA1c 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 HbA1c levels and changes in cognitive function were
observed in participants without diabetes (data not shown).
Nevertheless, when HbA1c was measured as a continuous
variable, we found negative associations between high baseline
values in HbA1c 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 HbA1c 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
Frontiers in Endocrinology | www.frontiersin.org 9
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 HbA1c

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
HbA1c, 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.
October 2021 | Volume 12 | Article 754347
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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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