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wave (2006–2009) were selected for the cross-sec-
tional analysis. Those participants who also per-
formed the cognitive assessment in the second wave 
(2011–2013) were selected for the prospective analy-
sis. Cognitive impairment diagnosis and symptoms 
and/or history of cardio/neurovascular disease were 
used as exclusion criteria. Multivariate segmented 
regression model was used to assess the associations 
between ABI and cognitive performance in both the 
cross-sectional and prospective analyses. As ABI 
score decreased from 1.4, the cross-sectional analysis 
showed a higher decrease in cognitive performance 
and the prospective analysis showed a higher degree 
of worsening in cognitive performance. Our findings 
suggest that the ABI, a widespread measure of vas-
cular health in primary care, may be a useful tool for 
predicting cognitive performance and its evolution.

Keywords  Vascular function (VF) · Ankle-brachial 
index (ABI) · Cognitive performance · Cognitive 
test · Ageing

Introduction

The ageing process is a natural and multi-factorial 
phenomenon characterised by the accumulation 
of degenerative processes [1]. This process com-
promises the capabilities of the physiological pro-
cesses that allow us to maintain the correct struc-
ture and function of the various molecules, cells, 

Abstract  In the ageing process, the vascular system 
undergoes morphological and functional changes that 
may condition brain functioning; for this reason, the 
aims of this study were to assess the effect of vascular 
function indirectly measured by ankle-brachial index 
(ABI) on both cognitive performance at baseline and 
change in cognitive performance at end of follow-up. 
We developed a prospective, population-based, cohort 
study with 1147 participants aged > 65 years obtained 
from the Toledo Study for Healthy Ageing who had 
cognitive assessment and measured ABI in the first 
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tissues, organs, and systems, to adapt to variations 
in the internal and external environment [2]. Car-
diovascular system (CVS) and the central nervous 
system (CNS) are involved in the ageing process. 
Both systems undergo morphological and func-
tional changes that may be compromised sometimes 
directly by ageing and sometimes as a consequence 
of the involvement of other systems [3]. These two 
systems are interrelated; an adequate blood flow in 
the brain structures ensures a normal brain function 
[4]. Furthermore, the CNS plays an important role 
in maintaining homeostasis of the cardiovascular 
system [5], through its modulation of autonomic 
activity [6, 7].

The blood flow regulation, blood pressure, capil-
lary recruitment and filtration, and central venous 
pressure all fall under a generalised term used to 
describe them: vascular function (VF) [8]. An altera-
tion of the VF can lead to an abnormal brain function 
and consequently the development of future cogni-
tive decline and neurodegenerative disorders [9], with 
enormous social repercussions in terms of loss of 
quality of life and economic burden [10].

The ankle-brachial index (ABI) is a non-invasive 
test used in routine clinical practice to indirectly 
assess VF. Abnormal ABI score represents different 
changes in the vascular structure (ABI < 0.9 corre-
lates with vascular stenosis and ABI > 1.4 with vas-
cular stiffness) and both are associated with risk of 
cardiovascular events [11].

The ABI score ≤ 0.9 is the most studied, and this 
threshold has been shown to have a sensitivity and 
specificity > 90% for detecting peripheral artery 
disease compared to angiography [11]. However, 
other studies confirmed that the cardiovascular risk 
increases as ABI score decreases below a threshold 
of 1.10 [12, 13]. This value is more likely to capture a 
larger number of asymptomatic participants in whom 
early intervention is possible to avoid consequences 
in other organs.

Studies have shown the relationship between ABI 
and cognitive decline [14–16] and they have demon-
strated that low ABI score may be an early predic-
tor with potential value in identifying individuals at 
increased risk of cognitive decline [17, 18].

Some cognitive domains are damaged prematurely 
during the ageing process [19] and the degree of dam-
age is related to the presence of subclinical cerebro-
vascular disorder [20], so it is interesting to analyse 

cognitive performance according to the ABI score, 
even within the normal range.

Gender is another factor to consider in the analy-
sis between ABI score and cognitive decline. Females 
are more likely to suffer cognitive decline, probably 
related to cardiovascular impairment [21], but other 
factors may also play a role.

Identification of clinical predictors cognitive 
decline in elderly people is often considered useful 
to intervene early and to alleviate the public health 
burden of cognitive decline, and for this reason, the 
aims of the present study were: (1) to find out how 
VF indirectly measured by ABI score modulates the 
cognitive performance and (2) to assess the effect of 
ABI score on change in cognitive performance along 
follow-up in a sample of the Toledo Study for Healthy 
Ageing (TSHA).

Methods

Study design and sample

Data was obtained from the TSHA. This study is a 
population-based, prospective, cohort study, with 
waves performed every 3–4 years. The aim of TSHA 
was to evaluate the characteristics and consequences 
of frailty in participants ≥ 65  years old living in the 
province of Toledo (Spain), which is described else-
where [22].

Basically, this study was carried out in three dif-
ferent phases: in the first one, a team of trained psy-
chologists conducted an interview at the participant’s 
home and collected socio-demographic data, per-
formed an extensive neuropsychological battery, and 
collected self-reported information on comorbidities 
and drug intake, cardio/neurological symptoms, and 
alcohol and tobacco consumption; in addition, in 
case of doubt, the participants’ medical record was 
checked. Second, a team of trained nurses carried out 
a physical battery test and collected weight, height, 
hip and waist circumference, ABI, and blood pres-
sure at rest were measured according to measurement 
standards. Third, a nurse obtained fasting blood.

For our analysis, we obtained 2488 participants 
which were included in the first wave of the TSHA, of 
which we excluded 781 participants who did not have 
their ABI measured; 259 participants with cognitive 
impairment or with Mini-Mental State Examination 
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(MMSE) score below the educational level cut-off 
point (< 18 for illiterate, < 21 for those with primary 
education, and < 24 for those with higher educational 
level) [23]; 159 participants with myocardial infarc-
tion, angina pectoris, and intermittent claudication; 
and 111 participants with transient ischemic attack 
and an active screening of stroke, so participants with 
unknown pathology or preclinical stage of the disease 
were analysed. In addition, due to their under-repre-
sentation in the sample analysed, 31 participants with 
ABI > 1.4 were excluded. A total of 1147 participants 
who underwent cognitive assessment and the ABI 
measured in the first wave (between 2006 and 2009) 
remained for the cross-sectional analysis. For the 
prospective analysis, participants were selected from 
the first wave who also underwent cognitive assess-
ment in the second wave and consented to follow-up 
(between 2011 and 2013), of whom 105 participants 
declined to participate in the study and 123 partici-
pants died, leaving a total of 919 participants for fol-
low-up (Fig. 1).

The study complies with Spanish law on biomedi-
cal research and obtained approval by our Centre’s 
Clinical Research Ethic Committee [ref: 22/2005]. 
Before data acquisition, participants signed written 
informed consent.

Measurements

Neuropsychological evaluation

An extensive neuropsychological assessment was car-
ried out; global cognitive performance was examined 
using the MMSE (Spanish Version) [23] (score range 
from 30 points [best] to 0 [worst]). We also measured 
other compound tests such as 7 Minute Neurocogni-
tive Screening Battery (7-M test) (score range from 
5.52 [best] to − 7.14 [worst]) [24, 25], and the Cumu-
lative Executive Dysfunction Index (score range 
from 16 point [best] to 0 [worst]) [26]. The 7-M test 
consists of 4 tests representing 4 cognitive areas: (1) 
short-term memory, assessed by free and facilitated 
recalling, (2) verbal fluency, assessed by language 
test that consists of saying as many animals as pos-
sible in 1 min, (3) visuospatial and visuoconstruction, 
assessed by the Clock Drawing Test [27], and (4) ori-
entation for time, assessed by the Benton test; and the 
Cumulative Executive Dysfunction Index included: 
(1) verbal fluency (7-M test), (2) digit span [28], (3) 

Luria’s Orders Tests [29], and (4) go/no-go task [30, 
31].

Other individual’s neuropsychological tests 
assessed were short- and long-term memory by free 
and facilitated memory, being the sum of both total 
memory capacity [24]. Long-term memory was eval-
uated by free and facilitated memory 15  min after 
short-term memory. During this time, a distraction 
task was conducted. Hole Peg Test was used to assess 
manual dexterity and executive function [32, 33].

For each test, we used an internationally recog-
nised scoring rule to assess the participant’s cognitive 
performance.

Vascular function

It was carried out by measuring the ABI, using eco-
Doppler (HADECO mini-Doppler ES-100 ×) accord-
ing to standards operation [34].

Cardiovascular and cerebrovascular disease

We considered that a participant had the disease 
based on self-reported information, medical records, 
and intake of drugs related to cardio/neurovascular 
diseases.

Cardiovascular risk factors

–	 Body mass index (BMI) was calculated by dividing 
the weight in kilograms by the square of height in 
meters.

–	 Hypertension, diabetes mellitus, and dyslipidemia: 
We considered that a participant had the dis-
ease based on self-reported information, medical 
records, and intake of drugs related to these dis-
eases.

–	 Tobacco: Participants were classified into three 
categories: non-smokers, active smokers, and for-
mer smokers based on their responses to the ques-
tions “Have you smoked every day for at least 
1 year?” and “are you still smoking?”.

Statistical analysis

Descriptive data was presented as mean (std) and N 
(percentages). P for trend was used to analyse the 
relationship between ABI categories and variables.
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We performed both a cross-sectional analysis and 
a prospective analysis using multivariate segmented 
regression models. In the cross-sectional analysis, we 
analysed the relationship between basal ABI scores 

and neuropsychological evaluation scores. And, in 
the prospective analysis, we analysed the relationship 
between basal ABI score and the change of neuropsy-
chological evaluation scores between both visits. We 

Included                                                  Excluded

ABI: Ankle Brachial Index; MMSE: Mini-Mental State Examination.

2488 participants

1448 participants

1178 participants

1147 participants

31 participants with ABI 

score >1.4

781 participants did not have

their ABI measured in the

interview.

259 participants with a diagnosis 

of cognitive impairment or a 

105 participants declined to participate in 

the study and 123 participants died

919 participants

Participants with previous history 

of vascular disease:

Cardiovascular: 159 participants.

Cerebrovascular: 111 participants.

Cross-sectional

Prospective

Fig. 1   Flow chart
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used age, gender, BMI, DM, hypertension, educa-
tive level, dyslipidemia, and smoker as potential con-
founders. Additionally, we assessed the associations 
for each gender separately. Since cognitive function 
test measures different domains, we did not use the 
Bonferroni correction for multiple comparisons.

All analyses were performed with the Statistical 
Package R for windows (Vienna, Austria) (http://​
www.r-​proje​ct.​org), version 3.5.3. Statistical 
significance was set as p-value < 0.05.

Results

Table  1 shows the baseline characteristics of the 
1147 participants analysed, the mean (SD) of age 
was 74.3 ± 5.6  years, and 486 participants (42.3%) 
were males; in terms of cardiovascular risk factors, 
48.8% had hypertension, 16% had DM, and 35.8% 
had dyslipidemia, while 8% were active smokers and 
21.4% were former smokers, in addition a mean BMI 
score of 29.2 ± 4.4 points was observed. In the global 
cognitive tests measured by MMSE, the mean score 
was 25.2 points, and the mean score in compound 
tests, the 7-M test was 1.01 points, while the score of 
the Cumulative Executive Dysfunction Index was 5.9 
points.

According to the ABI score, 346 participants had 
an ABI score between > 1.1 and 1.4; 739 participants 
had an ABI score between 0.8 and < 1.1, and 62 
participants had an ABI < 0.8. When we compared the 
basal characteristics between ABI severity categories, 
we observed that as ABI category severity (lower 
ABI) was higher, participants were older (p < 0.05) 
and their performances in free long-term memory test 
were lower (p = 0.03).

Table  2 shows the cross-sectional analysis of the 
total effect of ABI score in cognitive performance, 
showing that for every tenth that the ABI score 
decreases, there is a more pronounced deterioration in 
the score of the different cognitive tests in the three 
ABI categories analysed (1.4 to > 1.1, < 1.1 to 0.8, 
and < 0.8), and in case of MMSE, the changes in the 
score were 0.148, 0.199, and 0.321, respectively, per 
tenth decrease in ABI, with the ABI category < 0.8 
being statistically significant (p = 0.047). The 
evolution observed in free short-term memory 

showed a statistically significant association for the 
three ABI categories with a decrease in recall in the 
number of words of 0.185, 0.249, and 0.450 for each 
ABI category, respectively. The same evolution was 
observed in the clock drawing test which showed a 
significant deterioration in the score of 0.084, 0.122, 
and 0.159 for each ABI category, respectively. The 
rest of the tests analysed showed a non-significant 
trend of worsening in the score for each tenth that the 
ABI score decreased. To show the impact of low ABI 
on cognition, for each test, we plotted the difference 
in test score using a reference value of ABI = 1.4 
(Supplementary Figs. 1–4).

In the gender stratified analysis, both genders 
showed the same decrease in cognitive tests score 
as the ABI score decreased, but these were not 
significant in males, whereas in females, tests 
such as the MMSE, total short-term memory, free 
short-term memory, free long-term memory, 7-M 
test, and Cumulative Executive Dysfunction Index 
showed a pronounced deterioration in scores when 
analysing the three categories (p < 0.05) (Table 3 and 
Supplementary material 1).123456

As observed in the cross-sectional analysis, our 
prospective analysis also showed that there was higher 
worsening in cognitive performance as the ABI score 
decreased from 1.4, with cognitive worsening being 
more pronounced at ABI score < 1.1. Therefore, two 
categories were established, ranging from an ABI 
score of 1.4 to > 1.1 and ABI score < 1.1 (Table 4).

The statistically significant decreases in cognitive 
test score for every tenth decrease in ABI score 
within < 1.1 (1.1–1.4) range were 0.281 (0.222) 
for free long-term memory; 0.188 (0.144) for free 
short-term memory; 0.181 (0.157) for total short-
term memory; and 0.200 (0.157) for total long-term 
memory; regarding motor asses the Cumulative 
Executive Dysfunction Index, the result was 0.200 
(0.185). To show the impact of low ABI on cognition, 
for each test, we plotted the difference in change in 
test score along follow-up using a reference value of 
ABI = 1.4 (Supplementary Figs. 5–8).

The prospective analysis stratified by gender 
showed an association between ABI and cognitive 
performance; in males, free long-term memory 
showed a statistically significant worsening only for 
ABI score < 1.1 (B = 0.334, p < 0.05). In addition, 

http://www.r-project.org
http://www.r-project.org
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worsening in free short-term memory was affected in 
the ABI category between 1.4 and > 1.1 (B = 0.255, 
p < 0.05); as for the ABI category < 1.1 (B = 0.330, 
p < 0.05) (Supplementary material 2). For females, 
animal naming, total short- and long-term memory, as 
well as the executive function test, and Hole Peg Test 
showed a significant association between lower ABI 
score and higher worsening cognitive performance 
(p < 0.05) (Table 5).

Table 1   Study sample characteristics

*Mean values and standard deviation (SD); + : N (%). BMI, body mass index; DM, diabetes mellitus; MMSE, Mini-Mental State 
Examination; 7-MT, 7-min test

Variable Overall ABI < 0.8 ABI between 0.8– < 1.1 ABI between > 1.1–1.4 P for trend

N 1147 62 739 346
Age (y) 74.32 (5.61) 75.60 (6.74) 74.58 (5.52) 73.55 (5.52) 0.0006
Gender, male (%) 486 (42.37) 30 (48.39) 300 (40.60) 156 (45.09) 0.3776
Charlson Index 0.92 (1.53) 0.95 (1.55) 0.92 (1.51) 0.93 (1.58) 0.9503
Educative level (%)
- None 760 (66.26) 42 (67.74) 489 (66.17) 229 (66.18) 0.8499
- Primary incomplete 206 (17.96) 9 (14.52) 131 (17.73) 66 (19.08) 0.4618
- Primary complete 79 (6.89) 5 (8.06) 54 (7.31) 20 (5.78) 0.3483
- Secondary or higher 102 (8.89) 6 (9.68) 65 (8.80) 31 (8.96) 0.8755
Risk factors
- BMI* 29.26 (4.44) 29.78 (4.71) 29.18 (4.50) 29.35 (4.26) 0.9327
- DM +  184 (16.04) 12 (19.35) 116 (15.70) 56 (16.18) 0.8794
- Hypertension +  560 (48.82) 30 (48.39) 369 (49.93) 161 (46.53) 0.3711
- Tobacco use + 
· Never 810 (70.62) 43 (69.35) 525 (71.04) 242 (69.94) 0.7224
· Active 92 (8.02) 6 (9.68) 62 (8.39) 24 (6.94) 0.2610
· Former 245 (21.36) 13 (20.97) 152 (20.57) 80 (23.12) 0.2544
- Dyslipidemia +  411 (35.86) 20 (32.26) 277 (37.53) 114 (32.95) 0.2931
Cognitive performance*
- MMSE (total score) 25.21 (3.30) 25.31 (3.38) 25.13 (3.29) 25.39 (3.30) 0.3202
- Cumulative Executive Dysfunction Index 5.91 (2.66) 6.32 (3.03) 5.91 (2.64) 5.82 (2.63) 0.2558
- 7-MT (total score) 1.01 (2.02) 0.61 (2.42) 0.99 (2.02) 1.13 (1.93) 0.1962
   7-MT (Clock Drawing Test) 0.14 (0.91) 0.01 (1.10) 0.13 (0.91) 0.20 (0.88) 0.1888
   7-MT (free and facilitated memory) 0.28 (0.94) 0.08 (1.06) 0.30 (0.89) 0.27 (1.01) 0.8262
   7-MT (verbal fluency) 0.09 (1.08)  − 0.15 (1.10) 0.10 (1.05) 0.11 (1.15) 0.3414
   7-MT (Benton’s Temporal Orientation Test) 0.27 (0.38) 0.32 (0.03) 0.26 (0.44) 0.29 (0.25) 0.6019

- Denomination 15.80 (0.57) 15.69 (0.63) 15.82 (0.56) 15.78 (0.58) 0.9584
- Immediate memory 15.79 (0.79) 15.73 (0.62) 15.77 (0.90) 15.86 (0.51) 0.1357
- Total short-term memory 15.03 (1.67) 14.67 (1.89) 15.06 (1.59) 15.02 (1.80) 0.8256
- Free short-term memory 6.80 (2.56) 6.73 (3.06) 6.84 (2.54) 6.75 (2.50) 0.6728
- Facilitated short-term memory 8.25 (2.35) 8.11 (2.49) 8.26 (2.35) 8.27 (2.34) 0.8946
- Total long-term memory 15.06 (1.62) 14.58 (1.97) 15.06 (1.64) 15.16 (1.50) 0.1356
- Free long-term memory 7.52 (3.03) 6.71 (3.30) 7.50 (3.07) 7.73 (2.84) 0.0344
- Facilitated long-term memory 7.54 (2.78) 7.87 (3.12) 7.57 (2.77) 7.42 (2.74) 0.1515
- Hole Peg Test (dominant hand) 24.97 (7.13) 25.90 (7.38) 24.83 (7.15) 25.10 (7.07) 0.9627

Discussion

This study shows how VF measured indirectly by 
ABI modulates the cognitive performance and its 
evolution. In this sense, and from a global point of 
view, this study shows that as ABI score decreases, 
cross-sectionally, there is a decrease in cognitive 
performance, and prospectively, there is a higher 
degree of worsening in cognitive performance, 
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this was observed mainly in women. Interestingly, 
this phenomenon occurs in both ABI score classi-
cally associated with vascular dysfunction (ABI 
score < 0.9) and those ABI scores identified as nor-
mal (ABI score between 1 and 1.4). This may indi-
cate that the effect of vascular dysfunction on cog-
nition does not have a clear threshold and has rather 
a continuous effect. To our knowledge, this is the 
first study to show this effect.

Atherosclerosis causes a chronic reduction of 
vascularisation with consequent impairment of the 
performance of organs, like the brain [35]. This 
inadequate cerebral blood flow can reduce the sup-
ply of oxygen and glucose, and other nutrients to 
neuronal cells, thus slowly initiating a pathway of 

progressive impairment of brain integrity, neuronal 
metabolism, and subsequent cognitive impairment 
[36].

Although representing only 2% of total body mass, 
the brain consumes ~ 20% of the body’s glucose and 
oxygen and can rapidly increase blood flow and oxy-
gen delivery to its activated regions. This process is 
known as neurovascular coupling [37] which is com-
promised when vascular dysfunction is present in 
the brain. So, the maintenance of the microvascular 
network is crucial for adequate brain perfusion, the 
impairment of which is a source of cognitive impair-
ment associated with ageing [38].

Our results are in line with previous studies [39, 
40], showing that as ABI score decreased, cognitive 

Table 2   Cross-sectional analysis of total effect of ABI score decrease (tenths*) in cognitive performance

*tenths = 0.1. MMSE, Mini-Mental State Examination; 7-MT, 7-min test, Significant effect in bold (p < 0.05)

Variable ABI < 0.8 ABI between 0.8– < 1.1 ABI between > 1.1–1.4 All

p-value Beta (95% CI) p-value Beta (95% CI) p-value Beta (95% CI) p-value Beta (95% CI)

MMSE (total score) 0.0475 0.321 (0.004, 
0.638)

0.0659 0.199 (− 0.013, 
0.411)

0.1022 0.148 (− 0.029, 
0.326)

0.9732 0.002 (− 0.120, 
0.124)

Cumulative Executive 
Dysfunction Index

0.1683  − 0.175 (− 0.423, 
0.074)

0.0941  − 0.142 (− 0.308, 
0.024)

0.1360  − 0.106 (− 0.245, 
0.033)

0.5253  − 0.031 (− 0.127, 
0.065)

7-MT (total score) 0.0634 0.210 (− 0.011, 
0.410)

0.0229 0.172 (0.024, 
0.320)

0.0547 0.122 (− 0.002, 
0.246)

0.6276 0.021 (− 0.065, 
0.107)

   7-MT (Clock Drawing 
Test)

0.0315 0.159 (0.014, 
0.303)

0.0123 0.122 (0.027, 
0.216)

0.0412 0.084 (0.004, 
0.164)

0.9510 0.002 (− 0.055, 
0.059)

   7-MT (free and facili-
tated memory)

0.0056 0.183 (0.054, 
0.311)

0.0046 0.124 (0.038, 
0.210)

0.0120 0.093 (0.021, 
0.165)

0.6838 0.011 (− 0.040, 
0.061)

   7-MT (verbal fluency) 0.1592 0.098 (− 0.038, 
0.234)

0.0236 0.104 (0.014, 
0.195)

0.0728 0.070 (− 0.008, 
0.144)

0.6197 0.014 (− 0.040, 
0.067)

   7-MT (Benton’s Tempo-
ral Orientation Test)

0.9357 0.002 (− 0.049, 
0.053)

0.8702  − 0.003 (− 0.037, 
0.031)

0.8462  − 0.003 (− 0.031, 
0.026)

0.6094  − 0.005 (− 0.025, 
0.015)

Denomination 0.6155  − 0.016 (− 0.076, 
0.045)

0.8227  − 0.005 (− 0.045, 
0.036)

0.5771  − 0.010 (− 0.044, 
0.024)

0.3150  − 0.012 (− 0.035, 
0.011)

Immediate memory 0.2407 0.048 (− 0.032, 
0.128)

0.5283 0.017 (− 0.036, 
0.071)

0.5312 0.014 (− 0.030, 
0.059)

0.6799  − 0.006 (− 0.037, 
0.024)

Total short-term memory 0.0589 0.164 (− 0.006, 
0.333)

0.1034 0.094 (− 0.019, 
0.207)

0.2360 0.057 (− 0.037, 
0.152)

0.2543  − 0.038 (− 0.104, 
0.027)

Free short-term memory 0.0006 0.450 (0.193, 
0.708)

0.0046 0.249 (0.077, 
0.421)

0.0120 0.185 (0.041, 
0.330)

0.6443  − 0.024 (− 0.123, 
0.076)

Facilitated short-term 
memory

0.0348  − 0.269 
(− 0.518, − 0.020)

0.0719  − 0.153 (− 0.320, 
0.013)

0.0691  − 0.129 (− 0.269, 
0.010)

0.5246  − 0.031 (− 0.127, 
0.065)

Total long-term memory 0.0689 0.161 (− 0.012, 
0.335)

0.0371 0.124 (0.008, 
0.240)

0.0573 0.095 (− 0.003, 
0.192)

0.4109 0.028 (− 0.039, 
0.095)

Free long-term memory 0.1293 0.240 (− 0.070, 
0.551)

0.0219 0.243 (0.035, 
0.451)

0.0212 0.205 (0.031, 
0.379)

0.0171 0.146 (0.026, 
0.265)

Facilitated long-term 
memory

0.5402  − 0.093 (− 0.389, 
0.204)

0.1999  − 0.130 (− 0.328, 
0.069)

0.1597  − 0.119 (− 0.286, 
0.047)

0.0351  − 0.123 
(− 0.237, − 0.009)

Hole Peg Test (dominant 
hand)

0.4540  − 0.369 (− 1.335, 
0.597)

0.2746  − 0.359 (− 1.001, 
0.284)

0.4085  − 0.226 (− 0.763, 
0.310)

0.9289  − 0.017 (− 0.387, 
0.354)
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Table 3   Cross-sectional analysis of the relationship between ABI score decrease (tenths*) and worse cognitive performance, strati-
fied by gender females
Variable ABI < 0.8 ABI between 0.8– < 1.1 ABI between > 1.1–1.4 All

p-value Beta (95% CI) p-value Beta (95% CI) p-value Beta (95% CI) p-value Beta (95% CI)

MMSE (total score) 0.0100 0.603 (0.146, 
1.060)

0.0197 0.362 (0.059, 
0.666)

0.0311 0.282 (0.026, 
0.538)

0.7566 0.028  
(− 0.151, 0.208)

Cumulative Executive 
Dysfunction Index

0.0290  − 0.367 (− 0.696, 
− 0.038)

0.0223  − 0.255 (− 0.473, 
− 0.037)

0.0336  − 0.199 (− 0.383, 
− 0.016)

0.4279  − 0.052  
(− 0.181, 0.077)

7-MT (total score) 0.0036 0.429 (0.142, 
0.717)

0.0005 0.343 (0.152, 
0.533)

0.0023 0.252 (0.091, 
0.413)

0.3529 0.054  
(− 0.060, 0.169)

   7-MT (Clock Drawing 
Test)

0.0315 0.159 (0.014, 
0.304)

0.0123 0.122 (0.027, 
0.217)

0.0412 0.084 (0.004, 
0.165)

0.9510 0.002  
(− 0.055, 0.059)

   7-MT (free and 
facilitated memory)

0.0056 0.183 (0.054, 
0.312)

0.0046 0.124 (0.039, 
0.210)

0.0120 0.093 (0.021, 
0.165)

0.6838 0.011  
(− 0.040, 0.061)

   7-MT (verbal fluency) 0.1592 0.098 (− 0.038, 
0.234)

0.0236 0.104 (0.014, 
0.195)

0.0728 0.070 (− 0.006, 
0.146)

0.6197 0.014  
(− 0.040, 0.067)

   7-MT (Benton’s 
Temporal Orientation 
Test)

0.9397 0.002 (− 0.049, 
0.053)

0.8702  − 0.003 
(− 0.037, 
0.031)

0.8462  − 0.003 (− 0.031, 
0.026)

0.6094  − 0.005  
(− 0.025, 0.015)

Denomination 0.7134 0.017 (− 0.074, 
0.108)

0.5913 0.017 (− 0.044, 
0.077)

0.9137 0.003 (− 0.048, 
0.054)

0.2549  − 0.021  
(− 0.057, 0.015)

Immediate memory 0.9456 0.004 (− 0.116, 
0.125)

0.7700  − 0.012 
(− 0.092, 
0.068)

0.9047  − 0.004 (− 0.071, 
0.063)

0.9552 0.001  
(− 0.046, 0.048)

Total short-term memory 0.0056 0.327 (0.096, 
0.558)

0.0046 0.222 (0.069, 
0.376)

0.0121 0.166 (0.037, 
0.295)

0.6830 0.019  
(− 0.072, 0.110)

Free short-term memory 0.0004 0.653 (0.293, 
1.014)

0.0004 0.433 (0.194, 
0.673)

0.0012 0.334 (0.132, 
0.536)

0.4208 0.059  
(− 0.084, 0.201)

Facilitated short-term 
memory

0.0533  − 0.342 (− 0.689, 
0.004)

0.0597  − 0.222 
(− 0.452, 
0.009)

0.0710  − 0.179 (− 0.373, 
0.015)

0.4883  − 0.048  
(− 0.184, 0.088)

Total long-term memory 0.0693 0.213 (− 0.016, 
0.442)

0.0107 0.199 (0.047, 
0.352)

0.0145 0.161 (0.032, 
0.289)

0.0515 0.089  
(0.000, 0.179)

Free long-term memory 0.0095 0.558 (0.137, 
0.979)

0.0013 0.460 (0.181, 
0.740)

0.0018 0.377 (0.141, 
0.612)

0.0249 0.189  
(0.024, 0.354)

Facilitated long-term 
memory

0.0874  − 0.345 (− 0.740, 
0.050)

0.0517  − 0.261 
(− 0.524, 
0.001)

0.0558  − 0.216 (− 0.437, 
0.005)

0.2057  − 0.100  
(− 0.254, 0.055)

Hole Peg Test (dominant 
hand)

0.2781  − 0.659 (− 1.848, 
0.530)

0.0667  − 0.741 
(− 1.530, 
0.049)

0.0893  − 0.578 (− 1.244, 
0.087)

0.1473  − 0.354  
(− 0.831, 0.124)

*tenths = 0.1. MMSE, Mini-Mental State Examination; 7-MT, 7-min test, Significant effect in bold (p < 0.05)

test scores were lower in the cross-sectional analy-
sis and the worsening in test scores was higher in 
the prospective analysis. But we have quantified in a 
dose–response manner the effect of ABI on cognitive 
test and its evolution, even for ABI scores included 
in the normal range [41]. Allowing for any two ABI 
scores to estimate the difference in test scores in the 
cross-sectional analysis and the difference in the 
change of test scores in the prospective analysis, 

from a clinical point of view, being able to assess 
these differences allows a more accurate evaluation 
of cognitive decline and the risk of developing cog-
nitive impairment-related diseases, especially when 
this cognitive decline process is starting, where small 
changes in cognitive performance imply big changes 
in risk of these diseases’ development [42].

ABI is an important marker of generalised athero-
sclerosis and cardiovascular risk, but it is not a specific 
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measure of cerebrovascular health. However, available 
data suggest that individuals with ABI < 0.9 experience 

more cognitive deficits [43]. It is known that athero-
sclerosis occurs an endothelial vascular dysfunction 

Table 4   Relationship between ABI score decrease (tenths*) and worse cognitive performance, prospective analysis after 5 years

*tenths = 0.1. MMSE, Mini-Mental State Examination; 7-MT, 7-min test, Significant effect in bold (p < 0.05)

Variable Overall

ABI < 1.1 ABI between > 1.1–14

p-value Beta (95% CI) p-value Beta (95% CI)

MMSE (total score) 0.4613  − 0.118 (− 0.433, 0.196) 0.4723  − 0.097 (− 0.361, 0.167)
Cumulative Executive Dysfunction Index 0.0239 0.200 (0.027, 0.373) 0.0126 0.185 (0.040, 0.330)
7-MT (total score) 0.3055  − 0.079 (− 0.230, 0.072) 0.1866  − 0.086 (− 0.213, 0.041)
   7-MT (Clock Drawing Test) 0.6033 -0.018 (− 0.087, 0.050) 0.3919  − 0.025 (− 0.083, 0.032)
   7-MT (free and facilitated memory) 0.0305  − 0.102 (− 0.193, − 0.010) 0.0257  − 0.088 (− 0.164, − 0.011)
   7-MT (verbal fluency) 0.1021  − 0.056 (− 0.123, 0.011) 0.1091  − 0.046 (− 0.102, 0.010)
   7-MT (Benton’s Temporal Orientation Test) 0.2761 0.030 (− 0.024, 0.084) 0.1591 0.033 (− 0.013, 0.078)

Denomination 0.4733 0.025 (− 0.043, 0.093) 0.3472 0.027 (− 0.030, 0.085)
Immediate memory 0.4847  − 0.036 (− 0.136, 0.065) 0.5774  − 0.024 (− 0.108, 0.060)
Total short-term memory 0.0310  − 0.181 (− 0.345, − 0.017) 0.0259  − 0.157 (− 0.294, − 0.019)
Free short-term memory 0.0327  − 0.188 (− 0.360, − 0.016) 0.0497  − 0.144 (− 0.288, 0.000)
Facilitated short-term memory 0.9870 0.002 (− 0.190, 0.194) 0.8215  − 0.019 (− 0.179, 0.142)
Total long-term memory 0.0030  − 0.200 (− 0.331, − 0.068) 0.0054  − 0.157 (− 0.267, − 0.047)
Free long-term memory 0.0107  − 0.281 (− 0.496, − 0.066) 0.0159  − 0.222 (− 0.402, − 0.042)
Facilitated long-term memory 0.4846 0.076 (− 0.137, 0.288) 0.5052 0.060 (− 0.117, 0.238)
Hole Peg Test (dominant hand) 0.0595 0.781 (− 0.030, 1.592) 0.0911 0.584 (− 0.092, 1.260)

Table 5   Relationship between ABI score decrease (tenths*) and worse cognitive performance stratified by gender females, prospec-
tive analysis after 5 years

*tenths = 0.1. MMSE, Mini-Mental State Examination; 7-MT, 7-min test, Significant effect in bold (p < 0.05)

Variable ABI < 1.1 ABI between > 1.1–14

p-value Beta (95% CI) p-value Beta (95% CI)

MMSE (total score) 0.3762  − 0.189 (− 0.607, 0.229) 0.2853  − 0.192 (− 0.544, 0.160)
Cumulative Executive Dysfunction Index 0.0015 0.378 (0.146, 0.610) 0.0009 0.333 (0.137, 0.528)
7-MT (total score) 0.2401  − 0.128 (− 0.340, 0.085) 0.1399  − 0.136 (− 0.315, 0.044)
   7-MT (Clock Drawing Test) 0.3762  − 0.042 (− 0.134, 0.051) 0.2514  − 0.046 (− 0.124, 0.032)
   7-MT (free and facilitated memory) 0.0383  − 0.136 (− 0.264, − 0.008) 0.0410  − 0.113 (− 0.220, − 0.005)
   7-MT (verbal fluency) 0.0131  − 0.114 (− 0.204, − 0.024) 0.0066  − 0.106 (− 0.181, − 0.030)
   7-MT (Benton’s Temporal Orientation Test) 0.5586 0.024 (− 0.057, 0.106) 0.3915 0.030 (− 0.039, 0.099)

Denomination 0.7758 0.015 (− 0.091, 0.122) 0.8955 0.006 (− 0.084, 0.096)
Immediate memory 0.1686  − 0.114 (− 0.275, 0.048) 0.2218  − 0.085 (− 0.221, 0.051)
Total short-term memory 0.0383  − 0.243 (− 0.472, − 0.014) 0.0411  − 0.202 (− 0.394, − 0.009)
Free short-term memory 0.5667  − 0.071 (− 0.312, 0.171) 0.6347  − 0.049 (− 0.253, 0.154)
Facilitated short-term memory 0.2429  − 0.160 (− 0.428, 0.108) 0.2163  − 0.143 (− 0.369, 0.083)
Total long-term memory 0.0215  − 0.201 (− 0.372, − 0.030) 0.0249  − 0.165 (− 0.309, − 0.021)
Free long-term memory 0.1139  − 0.241 (− 0.539, 0.057) 0.0822  − 0.223 (− 0.474, 0.028)
Facilitated long-term memory 0.7860 0.040 (− 0.248, 0.328) 0.6400 0.058 (− 0.185, 0.300)
Hole Peg Test (dominant hand) 0.0023 1.685 (0.609, 2.761) 0.0058 1.288 (0.380, 2.196)
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caused by the presence of circulating factors leading to 
pro-inflammatory and pro-oxidant changes in endothe-
lial cells [44]. These changes lead to a brain-microvas-
cular dysfunction and a microvascular damage induced 
by endothelial oxidative stress and inflammation which 
have been recognised as critical contributors to the 
genesis of vascular cognitive decline [45]. Addition-
ally, it is known that aortic stiffness is associated with 
memory impairment and that this association is medi-
ated, in part, by microvascular parenchymal damage 
[46]. So, it is intuitive to think that cognitive perfor-
mance deficits secondary at lowering ABI score are 
related to cerebrovascular disorder.

Another important finding in the current study is a 
marked difference by gender observed. In the cross-
sectional analysis, only women showed significant 
associations between ABI score and cognitive perfor-
mance in different tests analysed, and in the prospec-
tive analysis, females also showed significant changes 
in cognitive tests as ABI score decreased, reinforcing 
that over follow-up, the change is even more marked.

The differences by gender can be explained by sev-
eral factors, including the role of estrogen in the neu-
ral structures functions that control learning, memory, 
and executive functions, such as the prefrontal cor-
tex, hippocampus, amygdala, and posterior cingulate 
cortex. Decreased estrogen levels after menopause 
induces a hypometabolic brain glucose state, reduced 
mitochondrial function, and consequent oxidative 
damage promotes neuronal dysfunction [47]. In addi-
tion, women have a greater longevity and prevalence 
of both subclinical and clinical cardiovascular disease 
triggering greater exposure to the deleterious effects 
of cardiovascular disease [21]. Also, women may be 
more likely than men to have subtle changes in vascu-
lar function (e.g., peripheral arterial stiffness) that lead 
to microvascular changes in the white matter [48].

Finally, this study has some strengths and weak-
nesses that should be commented on. Among the 
strengths we can highlight that this is a population-
based, prospective, cohort study, whose combination 
of both cross-sectional and prospective data rein-
forces the causal relationship link between worsen-
ing vascular function, indirectly measured by the ABI 
and cognitive function, also features a large number 
of participants representative of the elderly popula-
tion that has allowed us to perform a stratified anal-
ysis by gender, in participants without known cer-
ebrovascular disease; furthermore, we have used a 

sufficiently broad battery of cognitive tests that has 
allowed us to assess different cognitive domains and 
their affectation from preclinical vascular stages, but 
certain weaknesses of our study must also be consid-
ered, like our study included a low number of par-
ticipants with ABI score > 1.4. This fact provokes a 
lack of statistical power did not allow to estimate the 
association in this group and we decided to exclude 
them. In addition, the use of a strict exclusion crite-
ria allowed to obtain associations without the effects 
of cardio- and cerebrovascular events and their dos-
age treatments on cognition. This resulted in a low 
number of participants with low ABI at baseline, con-
straining the validity of the results within this group. 
Another weakness of this study is that prospective 
analysis may be affected by loss of follow-up bias 
(due to death and drop out of the study). And finally, 
by not analysing neuroimaging evidence, silent brain 
infarcts are likely to be underestimated, but there 
are also silent cardiovascular diseases that are often 
under-diagnosed.

In conclusion, this study shows how the ABI, a 
widespread measure of vascular health in primary 
care for the detection of peripheral arterial dis-
ease, but not at the cerebrovascular level, can also 
be a predictor of cognitive performance. There is 
a dose–effect relationship between ABI score and 
cognitive performance that is demonstrated by a 
worse score on different cognitive tests as ABI score 
decreases. In addition, at the prospective analysis, we 
demonstrated that there is a greater cognitive worsen-
ing in relation to lower ABI scores.

This association showed marked differences by 
gender, with a higher prevalence in females, being 
independent of educative level and cardiovascular 
risk factors such as smoking, high blood pressure, 
diabetes mellitus, and dyslipidemia.
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