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Abstract: Anemia causes hypo-oxygenation in the brain, which could lead to cognitive disorders.
We examined dietary iron intake as well as anemia markers (i.e., hemoglobin, hematocrit, mean
corpuscular volume) and diabetes coexistence in relation to neuropsychological function and qual-
ity of life. In this study, 6117 community-dwelling adults aged 55-75 years (men) and 60-75 years
(women) with overweight/obesity and metabolic syndrome were involved. We performed the Mini-
Mental State Examination (MMSE), the Trail Making Test parts A and B (TMT-A/B), Semantic Verbal
Fluency of animals (VFT-a), Phonological Verbal Fluency of letter P (VFT-p), Digit Span Test (DST),
the Clock Drawing Test (CDT), and the Short Form-36 Health Survey (SF36-HRQL test). Dietary iron
intake did not influence neuropsychological function or quality of life. However, anemia and lower
levels of anemia markers were associated with worse scores in all neurophysiological and SF36-
HRQL tests overall, but were especially clear in the MMSE, TMT-B (cognitive flexibility), and the
physical component of the SF36-HRQL test. The relationships between anemia and diminished per-
formance in the TMT-A/B and VFT tasks were notably pronounced and statistically significant
solely among participants with diabetes. In brief, anemia and reduced levels of anemia markers
were linked to inferior cognitive function, worse scores in different domains of executive function,
as well as a poorer physical, but not mental, component of quality of life. It was also suggested that
the coexistence of diabetes in anemic patients may exacerbate this negative impact on cognition.
Nevertheless, dietary iron intake showed no correlation with any of the outcomes. To make conclu-
sive recommendations for clinical practice, our findings need to be thoroughly tested through meth-
odologically rigorous studies that minimize the risk of reverse causality.
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1. Introduction

As life expectancy increases, the world’s elderly population is also rising. Therefore,
preserving both cognitive function and quality of life is becoming a main challenge for
health care professionals [1]. At the same time, lower hemoglobin levels are often seen
with advancing age, especially after 65 years [2]. According to the World Health Organi-
zation (WHO), anemia is defined as hemoglobin levels below 13 g/dL in men and 12 g/dL
in women [3]. Based on these limits, anemia in older adults is a frequent, overlooked, and
potentially complicating morbid condition [4] that represents a major cause of years lived
with disability [5].

Iron proteins have key roles in normal brain function and the processes of brain de-
velopment. Thus, anemia significantly hampers brain development, leading to reduced
cognitive abilities and impaired learning in children and adolescents [6]. In adults, anemia
may cause hypo-oxygenation in the brain, which can trigger cognition disturbances and,
ultimately, neurological manifestations including dementia [7]. Evidence from observa-
tional studies suggest that anemia is associated with cognitive impairment and dementia
[8]. Even hemoglobin levels slightly below the WHO anemia threshold have shown a sub-
stantial negative impact on the quality of life of older adults [9]. Likewise, individuals
with type 2 diabetes face an estimated two- to three-fold higher risk of anemia than those
individuals without diabetes [10]. In turn, diabetes itself increases the risk of cognitive
dysfunction [11].

On the other hand, iron accumulation in the brain occurs during the aging process in
humans, as well as in neurodegenerative diseases, due to dysregulation in iron homeo-
static mechanisms [12]. While some studies suggest that a high dietary iron intake might
negatively affect cognition and contribute to neurodegeneration, our understanding of the
effects of elevated iron intake remains limited [13,14]. Generally, studies in humans inves-
tigating the relationship between dietary and metabolic iron and cognition and quality of
life are scarce, and the results are inconclusive. The interaction between red blood cells
and diabetes status in relation to cognition and quality of life also deserves further epide-
miological evidence.

Therefore, to explore the associations between dietary iron intake, the status of iron
metabolism within the body, anemia, prevalent diabetes, neuropsychological functions,
and quality of life, we undertook a cross-sectional study among older residents of Spanish
communities who exhibited an elevated risk of cardiovascular disease.

2. Materials and Methods
2.1. Study Design and Participants

Eligible participants for the present study were community-dwelling adults aged be-
tween 55 and 75 years in the case of men and between 60 and 75 years in women. They
had overweight or obesity (body mass index (BMI) between 27 and 40 kg/m?) with meta-
bolic syndrome (according to the International Diabetes Federation and the American
Heart Association) but without cardiovascular disease. The study protocol recruitment
flowchart and the specific exclusion criteria were described extensively elsewhere [15].
Briefly, participants were recruited from October 2013 to December 2016 across 23 centers
from different universities, hospitals, and research institutes in Spain. A total of 6609 can-
didates met eligibility criteria. Participants provided data on cognitive performance, qual-
ity of life, anthropometrical and biochemical measures, physical conditions, and socio-
demographic parameters.

All participants provided written informed consent, and the study protocol and pro-
cedures were approved according to the ethical standards of the Declaration of Helsinki
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by the Research Ethics Committees from all the participating institutions. This study was
registered with the International Standard Randomized Controlled Trial (ISRCT;
http://www.isrctn.com/ISRCTN89898870, accessed on 2 August 2023) with number
89898870.

2.2. Exposure Assessment

After fasting overnight, blood samples were collected and frozen (=80 °C) at the initial
screening visits. Standard red cell indices that are typically examined as part of a routine
checkup for diagnosing and evaluating anemia were assessed. These include hemoglobin
(g/dL), hematocrit (%), and mean corpuscular volume (MCYV, fL). These markers were cho-
sen for their ease of measurement via a straightforward blood test and cost-effectiveness.
These blood cells are direct indicators of the blood’s oxygen-carrying capacity and are
used to diagnose anemia. Anemia was defined according to the World Health Organiza-
tion (WHO) criteria of hemoglobin concentrations below 13g/dL for men and below
12g/dL for women.

Total and heme dietary iron intake were also estimated by combining data from the
annually administered food frequency questionnaire (FFQ) validated for Spanish popula-
tions [16] and conventional food composition tables. We used the residual method to ad-
just dietary iron intake for total energy intake by regressing iron intake on total energy
intake derived from the FFQ.

2.3. Measurement of Cognitive and Executive Functions

A battery of eight neurophysiological tests were administered at baseline by trained
staff. Given its rapid and straightforward administration by health care professionals, cog-
nitive function was evaluated using a Spanish validated version of the Mini-Mental State
Examination (MMSE). This 30-question assessment is a widely used screening tool in clin-
ical and research settings to evaluate cognitive functioning, specifically focusing on cog-
nitive impairment and dementia. The MMSE evaluates various cognitive domains, includ-
ing orientation, registration, attention and calculation, recall, language, visual-spatial
abilities, and executive functioning. Higher scores indicate better cognitive function
[17,18]. Additionally, we used several other common neuropsychological tests to evaluate
a person’s executive functions, i.e., ability to plan, organize, initiate, inhibit, and monitor
their behavior. The neuropsychological tests were the following: the Trail Making Test
parts A (TMT-A, assesses attention and processing speed capacities) and B (TMT-B, as-
sesses cognitive flexibility) [19]; Semantic Verbal Fluency of animals (VFT-a) and Phono-
logical Verbal Fluency of letter P (VFT-p) (both assess verbal ability and executive func-
tion) [20]; Digit Span Test forward (DST-f, assesses immediate memory) and backward
(DST-b, assesses working memory function) [21]; and the Clock Drawing Test (CDT, as-
sesses visuospatial, visuoconstruction, and memory capacities, as well as verbal and nu-
merical knowledge) [22]. Complete explanations of these tests can be found in the Supple-
mentary Materials File S1.

2.4. Health-Related Quality of Life

To comprehensively evaluate health-related quality of life (HRQL), a survey was per-
formed with an adapted version of the previously published Short Form-36 Health Survey
(SF-36), which was completed during the baseline visit. This SF36-HRQL test has been
validated for the Spanish population [23,24] and consists of 8 health concept domains:
physical function (PF), role limitations due to physical health problems (RP), bodily pain
(BP), general health (GH), vitality (VT), social functioning (SF), role limitations due to
emotional problems (RE), and mental health (MH). From these individual subscales, two
aggregated scores were generated: physical health component (PCS) and mental health
component (MCS). The first five subscales (PF, RP, BP, GH, VT) produce the PCS and the
last five subscales (GH, VT, SF, RE, MH) produce the MCS; the GH and VT subscales
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overlap between the two aggregated components. The scorings for the eight domains and
the two aggregated components are based on a 0 to 100 scale, with a higher value corre-
sponding to a better HRQL. This SF36-HRQL test has been extensively used in Spain as
an accurate way to measure generic self-perceived HRQL [25].

2.5. Covariates

Covariates were evaluated by trained staff in a face-to-face interview using self-re-
ported 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 history of disease. Adherence to the Mediterranean diet was assessed
using a previously validated 17-point questionnaire score [26]. Leisure-time physical ac-
tivity was estimated using a validated Regicor Short Physical Activity Questionnaire for
the Adult Population [27]. Depressive status risk was evaluated using the Beck Depression
Inventory-II [28].

Blood lipid levels were measured via routine laboratory tests using standardized en-
zymatic methods. Blood pressure was measured using a validated semiautomatic oscil-
lometer (Omron HEM-705CP, Netherlands) after 1 min of rest in-between measurements.
Hypercholesterolemia was defined as fasting plasma total cholesterol level > 200 mg/dL
or taking lipid-lowering medications; high blood pressure was ascertained when systolic
> 131 and diastolic = 81 mmHg or taking antihypertensive medication; and diabetes was
defined as glucose > 126 mg/dL or taking diabetes medication. Height, waist circumfer-
ence, and weight were measured at baseline by trained staff. BMI was calculated as weight
(kg) over height squared (m?). All anthropometric variables were determined in duplicate,
except for blood pressure (in triplicate).

2.6. Statistical Analysis

The June 2020 database of this study was used in all analyses. Descriptive variables
are reported as means and standard deviations (SD) for continuous variables or numbers
and percentages (%) for qualitative variables. Differences between anemia status and base-
line characteristics were examined using Pearson’s chi-square test for categorical variables
and one-way ANOVA test for continuous variables.

Adjusted linear regression models, estimating beta coefficients (i.e., mean differ-
ences), and 95% confidence intervals (95% CI) were used to cross-sectionally assess the
association of (i) anemia status (as dichotomic variable), (ii) levels of different anemia
markers (i.e., hemoglobin, hematocrit, and MCV), as well as (iii) total and heme dietary
iron intake (categorized in tertiles) with the different neurophysiological tests evaluating
the cognitive function (Mini-Mental test), the executive function (TMT, VFT-a, VFT-p,
DST), and HRQL (SF36-HRQL test), differentiating by physical and mental dimensions.

To elucidate the role that diabetes may play in the relationship between iron and
neurodegeneration, associations were further stratified by prevalent diabetes and statisti-
cal interactions were tested for each subgroup analysis using the likelihood ratio test of
models with and without the interaction term.

We adjusted the regression models for several potential confounders defined a priori
and selected according to previous causal knowledge. Two gradual models were built
with progressive levels of adjustment for confounders based on information collected at
enrollment. Model 1 was adjusted for baseline: sex, age (years), vitamin B12 (mcg/d) and
folate (mcg/d) intake, and recruitment center. Model 2 was additionally adjusted for base-
line BMI (kg/m?), education level (primary, secondary, or college), tobacco use (current,
never, or former smoker), physical activity (METs min/week), adherence to a Mediterra-
nean diet (score of 17 points), hours of sleep (hours/d), alcohol consumption (g/d), systolic
and diastolic blood pressure levels (mmHg), cholesterol levels (mg/dL), and prevalent can-
cer, depression, and diabetes. Missing values in some variables were always less than 0.7%
and were imputed using stochastic regression imputation. This approach involves esti-
mating and filling in missing values by modeling the relationships between variables
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through regression analysis, but with an added element of randomness or uncertainty
(stochasticity). This extra step of augmenting each predicted score with a residual term
provides a more accurate representation of the missing data.

The data were analyzed using the Stata 16 software program (StataCorp LP, College
Station, TX, USA) and statistical significance was set at a two-tailed p value < 0.05.

3. Results

Out of the 6609 recruited participants, 6602 were free of dementia and, among these,
6117 had complete data on dietary and anemia markers. The subjects included had a mean
age of 66 (+5) years, and 252 (4.1%) had anemia. On average, those with anemia were
around 1 year older, more frequently women, had higher fasting glucose levels, consumed
less alcohol, had a lower educational level, were less frequently current smokers, had
higher BMI levels, and more frequently presented type 2 diabetes compared with subjects
with no anemia (Table 1).

Table 1. Descriptive variables according to anemia status. Cross-sectional assessment in the PRED-
IMED-PLUS study including 6117 participants.

Non-Anemic Anemic? Val

1 = 5865 n=252 p-yatue
Hemoglobin (g/dl) 14.7 (1.7) 11.3 (1.7) <0.001
Age (years) 65.5 (4.9) 66.9 (4.8) <0.001
Female sex (%) 47.7 56.3 0.01
Maximum attained educational level (%) <0.001
Primary school (%) 49.0 61.9
Secondary school (%) 28.8 222
College (%) 223 15.9
BMI (kg/m?) 32.5(3.4) 33.0 (3.6) 0.01
Glucose (mg/dL) 113 (29) 121 (37) <0.001
TyG index 2 8.93 (0.51) 8.98 (0.56) 0.92
Total iron intake (mg/d) 16.4 (4.0) 16.3 (4.4) 0.49
Heme iron intake (mg/d) 1.94 (0.69) 1.90 (0.72) 0.35
Vitamin B12 intake (mcg/d) 9.80 (4.4) 10.5 (5.9) 0.02
Folic acid intake (mcg/d) 351 (102) 353 (106) 0.71
Diabetes (%) 314 55.2 <0.001
Hypertension (%) 94.3 95.2 0.53
Hypercolesterolemia (%) 78.9 80.2 0.63
Depression (%) 20.5 23.8 0.20
Cancer (%) 6.87 9.92 0.06
Adherence to Mediterranean diet (17-point score) 8.58 (2.66) 8.71 (2.56) 0.45
Alcohol consumption (g/d) 11.3 (15.3) 8.8 (12.9) 0.01
Smoking 0.01
Current 13.2 7.94
Former 43.6 40.9
Never 43.3 51.2
Physical activity (METs min/wk) 2467 (2309) 2220 (2162) 0.10
Sleep (hours/d) 7.09 (1.21) 7.01 (1.3) 0.33

Continuous variables presented as mean + standard deviation and categorical variables as percent-
age and number of participants. p-values were obtained using chi square test for categorical varia-
bles and T Student for continuous variables. ! Anemia was defined according to the World Health
Organization (WHO) criteria of hemoglobin concentrations below 13g/dL for men and below
12g/dL for women. 2 TyG index = triglyceride and glucose index. The TyG index is calculated as: In
[fasting triglycerides (mg/dL) x fasting plasma glucose (mg/dL)]/2.

On average, anemic subjects had worse crude scores in all neurophysiologic and
HRQL tests than non-anemic subjects. Mean differences were calculated adjusting for
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different sociodemographic and clinical variables, showing that scores for all neuropsy-
chological and HRQL tests were maintained across anemic and non-anemic subjects,
whereas the MMSE test, the TMT-B (cognitive flexibility), and the SF-36 aggregated phys-
ical component scored significantly worse (Table 2). Higher hemoglobin and hematocrit
continuous levels were also significantly dose-response associated with these same tests
(Supplementary Table S1). The MCV levels were only significantly associated with the SF-
36 aggregated physical component score (Supplementary Table S1). In addition, both ane-
mia and anemia markers were significantly associated with each individual physical com-
ponent of the SF36-HRQL test, i.e., physical function, role limitations due to physical
health problems, bodily pain, vitality, and general health (Supplementary Table S2).
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Table 2. Cross-sectional associations of anemia status with cognitive and executive functions and health-related quality of life.

Mean (SD) by Anemia Status

Adjusted-Mean Difference (B) (95% CI)

Non-Anemic Anemic p-Value Anemic vs. Non-Anemic
Cognitive function Mean (SD) n Mean (SD) n Model 1 Model 2
MMSE ! (Total score) 28.2 (1.90) 5952 27.7 (2.46) 245 <0.001 (0. 6;%09 17+ - 05;0_3(? 06)*
Executive function Mean (SD) n Mean (SD) n Model 1 Model 2
Trail Making Test: A, total time (s) 2 53.0 (28.6) 6066 59.7 (34.2) 246 <0.001 (0.423.546) . (_1;;15.53)
Trail Making Test: B, total time (s) 2 130 (72.6) 6047 156 (83.6) 245 <0.001 185 12.1
’ (9.64, 27.37) * (3.69, 20.5) *
Semantic verbal fluency of animals: total 16.1 (4.93) 6077 15.2 (4.53) 247 0.003 0.8 ~0.21
(-1.13, 0.06) (-0.78, 0.36)
Phonological verbal fluency of letter P: total 12.2 (4.54) 6077 11.2 (4.34) 247 <0.001 ~0.77 ~0.38
(-1.33,-0.20) * (=0.90, 0.15)
Digit total score (forward + backward) 13.8 (4.12) 4181 12.7 (3.86) 168 <0.001 ~0.66 ~0.44
(-1.27, -0.06) * (-1.02, 0.13)
Clock Drawing Test 5.93 (1.23) 5706 5.77 (1.36) 246 0.029 ~0.10 ~0.06
(-0.26, 0.05) (-0.21, 0.10)
SF36-HRQL test 3 Mean (SD) n Mean (SD) n Model 1 Model 2
Aggregated physical dimension 45.4 (8.82) 5857 41.7 (9.64) 239 <0.001 -4 2;3_125 05) * 3. 6;2'_5 13 45)*
Aggregated mental dimension 51.1 (10.5) 5857 50.2 (11.3) 239 0.178 ~0.81 ~0.18
(-2.14, 0.53) (-1.46, 1.10)

Anemia was defined according to the World Health Organization (WHO) criteria of hemoglobin concentrations below 13g/dL for men and below 12g/dL for
women. The n available for each test may differ due to missing data in some tests. Values marked with an asterisk (*) indicate that they are statistically significant.
1 MMSE: Mini-Mental State Examination. 2 For these tests, unlike the others, the lower the score (time), the better the cognitive function. 3 Short Form-36 Health
Survey for evaluating health-related quality of life. Model 1 adjusted for sex, age, center, and vitamin B12 and folate. Model 2 further adjusted for BMI, educational
level, tobacco use, physical activity, adherence to a Mediterranean diet (score of 17 points), hours of sleep, alcohol consumption, hypertension, hypercholesterol-

emia, diabetes, cancer, and depression.
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When we analyzed the association between anemia status, cognitive and executive
functions, and HRQL, differentiating between prevalent diabetes (Table 3), the associa-
tions of anemia with poorer cognitive function (MMSE test) and physical HRQL were sim-
ilar in both subjects with diabetes and without. Nevertheless, associations between ane-
mia and poor scores in the TMT and VFT (executive function and verbal ability) were
stronger and only significant in participants with diabetes, and interactions between ane-
mia and diabetes were identified. Overall, both total and heme iron intakes were not as-
sociated with any neuropsychological test or with HRQL (Table 4). Only the TMT (both A
and B) scored significantly worse in those with a higher iron intake (Table 4).

Table 3. Cross-sectional associations of anemia status with cognitive and executive functions, and
quality of life by prevalent diabetes.

Adjusted-Mean Difference (B) (95% CI)
Anemic vs. Non-Anemic

Subjects with Diabetes Subjects without Diabetes
n=1983 n=4134
Anemia 139 (7%) 113 (3%)
Cognitive function P-interaction
-0.26 -0.34
MMSE ! (Total score) (~0.60, 0.08) (~0.67,-0.00) * 0.793
Executive function P-interaction
Trail Making Test: A, total 5.87 -2.60 0.009
time (seconds) 2 (0.85,10.9) * (-7.46, 2.25) '
Trail Making Test: B, total 214 0.54 0.007
time (seconds) 2 (9.34,33.4) * (-11.6, 12.7)
Semantic verbal fluency of -0.21 -0.17 0.912
animals: total (-0.97, 0. 56) (-1.02, 0.69) ’
Phonological verbal fluency -0.83 0.17 0.057
of letter P: total (-1.52,-0.13) * (-0.62, 0.95)
Digit total score (forward + -0.41 -0.49 0.956
backward) (-1.21, 0.39) (-1.32, 0.35)
Clock Drawing Test - 0_3(;/18 12) 0 _2(;,0; 21) 0.697
SE36-HRQL test 3
Aggregated physical di- -2.82 -2.13 0.517
mension (-4.28, -1.36) * (-3.72,-0.55) *
Aggregated mental dimen- -0.85 0.67 0131
sion (=2.68, 0.97) (-1.16,2.51)

The n available for each test may differ due to missing data in some tests. Values marked with an
asterisk (*) indicate that they are statistically significant. ! MMSE: Mini-Mental State Examination. 2
For these tests, unlike the others, the lower the score (time), the better the cognitive function. 3 Short
Form-36 Health Survey for evaluating health-related quality of life. Estimations adjusted for sex,
age, center, vitamin B12 and folate, BMI, education level, tobacco use, physical activity, adherence
to a Mediterranean diet (score of 17 points), hours of sleep, alcohol consumption, hypertension, hy-
percholesterolemia, diabetes, cancer, and depression.

Table 4. Cross-sectional associations of total iron intake (mg/day) with cognitive and executive func-
tions and quality of life.

Adjusted-Mean Difference (B) (95% CI)
Total Energy-Adjusted Iron Intake

Tertile 1 Tertile 2 Tertile 3
Total iron intake (mg/day), mean (SD) 13.9 (3.0) 159 (2.9) 19.6 (3.7)
Cognitive function
0.04 -0.10
1
MMSE ! (Total score) 0 (ref.) (~0.07, 0.16) (-0.24,0.03)




Nutrients 2023, 15, 4440

10 of 18

Executive function

Trail Making Test: A, total time (seconds) 2 0 (ret.) (_1.3(,)591_91) (0.872,2?78) *
Trail Making Test: B, total time (seconds) 2 0 (ret.) (_3;5224) (1.065, .?8.7) *
Semantic verbal fluency of animals: total 0 (ref.) (—0;07.,03.18) (_o.gi?%).%)
Phonological verbal fluency of letter P: total 0 (ref.) (_0;2;15.07) (_0.3;)335)
Digit total score (forward + backward) 0 (ref.) (_0;’(;;0319) (—O.E(’)JC;)%].%)
Clock Drawing Test 0 (ref.) (_o.gé(,%.w) (—05%;08.09)
SE36-HRQL test 3

Aggregated physical dimension 0 (ref.) (—0._6(31.,13.41) (—0.251].64)
Aggregated mental dimension 0 (ref.) (_0.;)'7?%_97) (—0.;](.)?378)

Values marked with an asterisk (*) indicate that they are statistically significant. ' MMSE: Mini-Men-
tal State Examination. 2 For these tests, unlike the others, the lower the score (time), the better the
cognitive function. 3 Short Form-36 Health Survey for evaluating health-related quality of life. Esti-
mations adjusted for sex, age, center, vitamin B12 and folate, BMI, educational level, tobacco use,
physical activity, adherence to a Mediterranean diet (score of 17 points), hours of sleep, alcohol con-
sumption, hypertension, hypercholesterolemia, diabetes, cancer, and depression.

4. Discussion

The aim of this study was to explore the link between levels of anemia markers, ane-
mia status, and diabetes coexistence in relation to cognitive and executive functions and
HRQL in older adults at risk of cardiovascular disease. The main findings from this re-
search can be summarized as: (1) there was a consistent association of anemia and levels
of hemoglobin and hematocrit with the MMSE test (general cognitive function), the TMT:
B (cognitive flexibility), and the physical components of the SF-36 test (physical function,
role limitations due to physical health problems, bodily pain, vitality, and general health);
(2) anemia and anemia markers, however, were not associated with tests evaluating atten-
tion and memory, or with the mental components of the SF-36; (3) dietary iron intake was
not correlated with anemia, and a higher iron intake was not associated with any neuro-
physiological or HRQL tests; (4) 7% of those diagnosed with diabetes had anemia com-
pared with 3% of the non-anemic; (5) when stratifying by prevalent diabetes, significant
associations of anemia status with both poorer cognitive function (MMSE) and diminished
SF-36 physical component score remained in both subjects with diabetes and without; (6)
however, associations between anemia and poor scores in the TMT and VFT (verbal abil-
ity/semantic memory) were stronger and only significant in diabetic participants with
manifested interactions between anemia and diabetes. The association with the SF-36
physical component score was also slightly stronger in subjects with diabetes compared
with those without.

Iron deficiency and heart failure often coexist, and the combination of the two condi-
tions manifests with worse outcomes [29]. Causes of anemia include iron, folate, and vit-
amin B12 deficiencies, renal insufficiency, chronic inflammation (formerly termed anemia
of chronic disease), and unexplained anemia (also named idiopathic anemia) [30]. It is
estimated that in older persons with anemia, nutrient deficiency may be present in one-
third, chronic disease or renal insufficiency or both may account for another third, and
idiopathic anemia is present in the remaining third [31,32]. A significant group of older
anemic patients remain untreated due to the lack of a known cause of the decrease in
hemoglobin; hence, anemia can negatively affect health for many years [33]. In the partic-
ipants of this study, anemia does not appear to be caused by lower dietary iron, folate, or
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vitamin B12 intake, and a lower iron intake was not associated with cognition impairment
or decreased HRQL. Proposed mechanisms of anemia in older adults which are not blood
loss/nutrition-related include dysregulation of inflammatory responses, blunting of the
hypoxia/erythropoietin sensing mechanism, sarcopenia, quantitative/qualitative altera-
tions in stem cell physiology, a decrease in sex steroids, frequent co-morbid medical con-
ditions, and polypharmacy [30].

Previous studies conducted in community-based older people have already sug-
gested a link between hemoglobin levels and anemia status with both cognitive decline
and dementia [34]. Diminished mean corpuscular hemoglobin and red cell distribution
width have also been associated with poorer cognitive performance [35]. Likewise, low
hemoglobin levels were associated with decreased cortical thickness and brain volume
[36]. A recent random-effects meta-analysis of 20 observational studies indicated that ane-
mic patients have a nearly 1.39-fold risk of developing overall cognitive impairment than
non-anemic subjects [34]. However, there is less consistent on the potential distinct impact
of red cell index levels and anemia status in the different cognitive domains. A cross-sec-
tional study conducted in community-dwelling older persons from the Rush Memory and
Aging Project found that hemoglobin was related to semantic memory and perceptual
speed but not to episodic memory, working memory, or visuospatial ability [37]. In older
participants from the Epidemiology of Dementia in Singapore study, decreased hemoglo-
bin levels were associated with worse performance in the attention and language domains
[36]. Anemia has also been associated with slower processing speed, decreased working
memory, and decreased intracranial volume on brain magnetic resonance imaging in a
cross-sectional study involving mainly older African Americans [38]. Specifically, there is
a previous study that found anemia to be associated with low performance on the TMT A
and B [39]. Our analysis agrees with this precedent literature.

The MMSE is a valid, routinely utilized instrument for the screening of global cogni-
tive function focused on cortical functions such as memory [40], while the TMT gives in-
formation on the executive function domain that is relevant to mobility and autonomy in
activities of daily living, involving abilities such as visual-conceptual and visual-motor
tracking or sustained attention [41]. Current evidence suggests that executive function im-
pairment might precede and causally mediate the onset and progression of functional de-
cline [42]. In this sense, older community-dwelling adults with poor performance in the
TMT showed they were at a higher risk of developing mobility impairments and experi-
encing accelerated decline of lower extremity performance and had higher risk of dying
[42]. Therefore, executive function may be the critical “cognitive” component of mobility,
which is particularly important when facing real-life mobility tasks that are complex and
challenging [43].

Our findings support this connection between executive function and physical func-
tion, since we found that anemia markers mainly associated with both the TMT, which
evaluates executive functions (including attention, processing speed capacities, and cog-
nitive flexibility), and the physical, but not mental, dimension of the SF36-HRQL test.

Iron plays a crucial role in cellular processes such as energy metabolism, nucleotide
synthesis, and numerous enzymatic reactions [44]. A decline in muscle mass is associated
with a diminished quality of life and an increased risk of morbidity and premature mor-
tality [44]. While the influence of iron deficiency on muscle mass and function is not yet
fully understood, several studies indicate that iron deficiency may play a role in muscle
mass reduction. In individuals within the general population, iron deficiency has been
linked to reduced muscle mass, independently of hemoglobin levels [44]. Iron deficiency
has also been shown to impair myoblast proliferation and aerobic glycolytic capacity
while inducing markers of myocyte atrophy and apoptosis [44].

The impact of low hemoglobin levels and anemia on disability, physical performance
decline, decreased muscle strength, and diminished HRQL has also been reported [45]. In
a representative population of older individuals in North Carolina, anemia was associated
with lower physical function (evaluating basic personal maintenance tasks, such as
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toileting and bathing, and the ability to function in society, such as shopping and handling
money) and cognitive function (using the Short Portable Mental Status Questionnaire) and
predicted further functional decline (both cognitive and physical) over a 4-year period
[46]. In a recent study on older Iranians from the Bushehr Elderly Health program [47], a
significant relationship was found between anemia and physical function variables such
as mean handgrip, relative handgrip, and walking speed. An exploratory double-blind
randomized intervention trial in older people with anemia found an improvement in he-
moglobin levels with a treatment that was associated with corresponding improvement
in fatigue and other HRQL outcomes [48]. Another recent study showed that anemia is
associated with frailty in older women, lending further support to the potential role of
anemia in the evolution to functional decline [49]. Finally, treatment of iron deficiency
with intravenous iron infusions for patients with heart failure has demonstrated benefits
in quality of life and hospitalizations [29].

Anemia has a negative impact on the circulatory system and leads to the formation
of atherosclerotic changes in the vessels [50]. Adequate cerebral oxygenation depends on
both arterial oxygen content, determined by the hemoglobin, and blood viscosity, condi-
tioned by the hematocrit [51]. Reduced oxygenation can lead to hypoxia and subsequent
inflammation with deleterious effects on neurons [52]. One of the most affected regions
could be that implicated in executive function, since it is a domain usually involved in
vascular cognitive impairment [53]. Brain imaging findings suggest that white matter
structural connectivity, cerebral perfusion, and, potentially, microbleeds may act as path-
ophysiologic substrates in the hemoglobin—cognition function relationship [54]. Further
investigation is needed to better comprehend the physiological role of hemoglobin in
brain health.

Patients with both diabetes and anemia have more comorbidities than nonanemic
diabetic patients, are more often hospitalized, require medical procedures more fre-
quently, and are at a higher risk of death. Likewise, the prevalence of anemia in subjects
with diabetes may be two- to three-times higher than in subjects without [10]. However,
the coexistence of anemia and diabetes is not often discussed in the literature, and there-
fore this problem is not sufficiently recognized. Our study extends previous findings
demonstrating an interaction between the coexistence of anemia and diabetes that leads
to an exacerbated negative impact on certain executive functions. In our study population,
more than half of the participants with anemia were also subjects with diabetes (55%),
while only one-quarter of those without anemia were subjects with diabetes (31%). In turn,
7% of subjects with diabetes and 3% of those without diabetes, respectively, had anemia.

Mechanisms potentially leading to anemia development in subjects with diabetes are
as follows: erythropoietin deficiency and/or resistance, iron deficiencies (resulting from
reduced dietary intake, impaired enteral absorption, blood loss), and proteinuria (with
loss of transferrin or erythropoietin) [55]. Hyperglycemia and obesity are important con-
tributors to inflammation, resulting in erythropoietin deficiency or a lack of iron availa-
bility for erythropoiesis [56]. Erythropoietin, apart from affecting hematopoiesis, has sev-
eral other metabolic effects, and erythropoietin receptors have been detected in various
tissues, including brain tissue [57].

Both type 1 and type 2 diabetes mellitus have been associated with reduced perfor-
mance in numerous domains of cognitive function. The exact pathophysiology of cogni-
tive dysfunction in diabetes is not completely understood, but it is likely that hyperglyce-
mia, vascular disease, hypoglycemia, and insulin resistance play significant roles [58]. The
co-occurrence of both diabetes and anemia, each independently impacting neuropsycho-
logical functions and quality of life in distinct ways, may help elucidate the amplified neg-
ative effects observed when both conditions are present. However, further studies to un-
derstand the key psychopathological pathways of the coexistence of anemia and diabetes
and their impact on cognition and HRQL are necessary.

Our study has limitations. The relatively modest sample size, particularly the lim-
ited number of anemic subjects, impacts the statistical power of the analyses. Due to the
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cross-sectional design of the analysis, reverse causality cannot be ruled out, which pre-
vents causal inferences from being made. The possibility that anemia might be just a
marker of diseases and processes associated with chronic cerebral hypoperfusion in the
prefrontal cortex or neurodegenerative processes such as inflammation cannot be ex-
cluded. Therefore, whether red blood cell levels are directly responsible for the impaired
cognition and physical HRQL or whether the associations can be explained by underlying
or concomitant vascular or metabolic changes warrant further investigations to fill the
methodological gaps of this study due to its cross-sectional nature.

We were unable to provide a more in-depth exploration of the connection between
particular types of anemia, cognitive function, and diabetes due to the absence of data
regarding the root causes of anemia. While red blood cells are indicators of the blood’s
oxygen-carrying capacity, ferritin (a protein that stores iron in the body), serum iron, total
Iron-Binding Capacity (TIBC), and transferrin saturation provides information about the
body’s iron stores and availability and is particularly useful for identifying iron-deficiency
anemia. We did not have measurements of these markers of iron deficiency, which could
have reinforced these findings and provided a more comprehensive understanding of the
link between anemia and cognition. Nevertheless, the absence of a correlation between
dietary iron intake and red blood cell levels in this study may indicate that the underlying
cause of anemia could be other than iron deficiency, such as prevalent chronic diseases,
bone marrow disorders, or certain medications. Likewise, folate, also known as vitamin
B9, plays a role in the production of red blood cells, whose deficiency can be linked to a
type of anemia known as folate-deficiency anemia. We did not find, however, significant
differences (p value 0.71) of folate intake between participants with anemia (353 mcg/d)
and without (351 mcg/d). Future research should also include these additional parame-
ters.

The observed association in this study between anemia markers, anemia, cognitive
impairment, and quality of life in older participants with overweight/obesity and meta-
bolic syndrome may not necessarily apply to the broader older population. It is important
to recognize that study participants likely exhibit elevated levels of cardiometabolic risk
markers. Hence, caution should be exercised when attempting to generalize these find-
ings. Nevertheless, this demographic segment represents the population group at the
highest risk of anemia and its related complications [29]. Although the analyses were ad-
justed for chronic disease and other characteristics known to influence both red blood cells
and cognition, residual confounding by subclinical conditions or other diseases not meas-
ured cannot be ruled out. Likewise, potential confounding mediators or modulator varia-
bles, such as inflammatory factors (e.g., C-reactive-protein) or markers of renal function
(e.g., creatinine), were not accounted for in this study due to the unavailability of these
data. Incorporating data on these additional metabolic indicators and broadening the
sample to include individuals without obesity or metabolic syndrome would enhance our
comprehensive understanding of the impact of anemia on cognitive function.

Lastly, while we employed a wide array of the most common neuropsychological
tests used in research—with each targeting distinct domains of cognitive and executive
functions —certain cognitive domains, particularly those involving high-level cognitive
and social skills, may be not adequately represented. Likewise, some test procedures often
diverge from real-world activities (ecological validity), and our understanding of the in-
tricate neural networks activated during cognitive tasks is still in its infancy. Also, paper
and pencil neuropsychological tests are more likely to suffer from some level of subjectiv-
ity and variability compared with computerized neuropsychological tests.

5. Conclusions

In this cross-sectional study of older adults at high risk of cardiovascular disease,
lower anemia markers and anemia were associated with poorer cognitive function and
worse scores in different domains of executive function and a poorer physical component
of quality of life (physical function, role limitations due to physical health problems,
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bodily pain, vitality, and general health). However, red cell levels were not associated with
quality of life at the mental level. The coexistence of diabetes in anemic patients increases
the impact of anemia on cognitive function and quality of life (statistically significant in-
teraction).

Further research is required to gain a comprehensive understanding of the mecha-
nisms underlying the apparent associations between anemia or low levels of iron bi-
omarkers and compromised cognition and quality of life. Interestingly, dietary iron intake
appears to have no influence on these outcomes. To establish definitive guidelines for clin-
ical practice, it is imperative that this hypothesis and our findings undergo comprehensive
testing through methodologically rigorous studies designed to mitigate the potential for
reverse causation. These findings warrant further evaluation of a wider use of iron metab-
olism biomarkers for clinical decision making in patients.
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