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Lower Ankle-Brachial Index Is Related to Worse Cognitive Performance in
Old Age

Erika J. Laukka
Karolinska Institutet and Stockholm University

John M. Starr and Ian J. Deary
University of Edinburgh

Objective: We aimed to study the associations between peripheral artery disease (PAD) and
ankle-brachial index (ABI) and performance in a range of cognitive domains in nondemented elderly
persons. Methods: Data were collected within the Lothian Birth Cohort 1921 and 1936 studies.
These are two narrow-age cohorts at age 87 (n � 170) and 73 (n � 748) years. ABI was analyzed
as a dichotomous (PAD vs. no PAD) and a continuous measure. PAD was defined as having an ABI
less than 0.90. Measures of nonverbal reasoning, verbal declarative memory, verbal fluency,
working memory, and processing speed were administered. Both samples were screened for
dementia. Results: We observed no significant differences in cognitive performance between
persons with or without PAD. However, higher ABI was associated with better general cognition
(� � .23, p � .02, R2 change � .05) and processing speed (� � .29, p � .01, R2 change � .08) in
the older cohort and better processing speed (� � .12, p � .01, R2 change � .01) in the younger
cohort. This was after controlling for age, sex, and childhood mental ability and excluding persons
with abnormally high ABI (�1.40) and a history of cardiovascular or cerebrovascular disease.
Conclusion: Lower ABI is associated with worse cognitive performance in old age, especially in the
oldest old (�85 years), possibly because of long-term exposure to atherosclerotic disease. Inter-
ventions targeting PAD in persons free of manifest cardiovascular and cerebrovascular disease may
reduce the incidence of cognitive impairment and dementia.

Keywords: cognition, ankle-brachial index, peripheral artery disease, atherosclerosis, aging

Old age is associated with high prevalence of vascular disease.
In addition to being associated with adverse health outcomes and
mortality, vascular disease is also associated with an increased risk
of cognitive impairment. At one end of the spectrum, vascular
disease and vascular risk factors are related to increased incidence
of vascular dementia (Jellinger, 2008) and Alzheimer’s disease (de
la Torre, 2009; Reitz et al., 2010). However, vascular cognitive
impairment encompasses a range of cognitive disturbances, from
dementia to subtle cognitive deficits with a vascular origin
(Bowler, Steenhuis, & Hachinski, 1999; O’Brien, 2006), and con-

stitutes a common cause of cognitive impairment in nondemented
elderly persons (Rockwood et al., 2000). Furthermore, persons
with vascular cognitive impairment show increased risk of deteri-
orating on different cognitive and functional measures compared
with persons with no cognitive impairment (Rockwood et al.,
2007).

A highly prevalent vascular condition in the older population is
lower-extremity peripheral artery disease (PAD), causing narrow-
ing of the peripheral arteries. The prevalence of PAD is strongly
related to age, and PAD affects approximately 10% of the popu-
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lation by the age of 65 and over 20% after the age of 80 (Aboyans
& Criqui, 2009). PAD is most easily detected through the mea-
surement of the ankle-brachial index (ABI), which is obtained by
dividing the systolic blood pressure in the ankle to that in the arm.
The ABI is frequently used as a measure of generalized athero-
sclerosis, in which an ABI less than 0.90 is considered a sign of
PAD and a lower ABI indicates increasing severity (Fowkes,
1988). PAD has been related to higher mortality, especially from
cardiovascular disease (Criqui et al., 1992; Fowkes et al., 2008). It
is important to note that higher mortality occurred also in persons
who are traditionally not considered at increased risk of cardio-
vascular events, such as persons with a low or intermediate Fra-
mingham Risk Score (Fowkes et al., 2008; Murphy, Dhangana,
Pencina, & D’Agostino, 2012). Similar elevated mortality rates
have been reported for persons with abnormally high ABI (�1.40;
Resnick et al., 2004).

A recent systematic review targeted the ABI as a marker of
cognitive impairment in the general population (Guerchet et al.,
2011). The authors concluded that a low ABI was associated
with cognitive impairment, dementia, and future cognitive de-
cline. In most studies, cognitive functioning was assessed with
the Mini-Mental State Examination (MMSE; Folstein, Folstein,
& McHugh, 1975), a common screening instrument for demen-
tia. Few population-based studies targeting the ABI have in-
cluded neuropsychological testing. In one, the Edinburgh Ar-
tery Study, a low ABI at baseline was associated with lower
scores on Raven’s Matrices (nonverbal reasoning), Digit Sym-
bol (processing speed), and verbal fluency 10 years later (Price
et al., 2006). The strongest association was observed for pro-
cessing speed. However, the ABI was not associated with
change in cognitive performance over 5 years (Johnson, Price,
Rafnsson, Deary, & Fowkes, 2010). In another study, a low ABI
(�0.90) was associated with faster decline on Digit Symbol
over 7 years (Haan, Shemanski, Jagust, Manolio, & Kuller,
1999), and PAD has been associated with significantly lower
Digit Symbol performance in persons with microalbuminuria
(Vupputuri, Shoman, Hogan, & Kshirsagar, 2008). Poorer cog-
nitive performance has also been reported from studies defining
PAD as the presence of intermittent claudication (Rafnsson,
Deary, Smith, Whiteman, & Fowkes, 2007; Waldstein et al.,
2003). However, large-scale studies on the association between
ABI and cognition are scarce.

Another major limitation of previous studies is the lack of any
premorbid measures of cognitive ability. This is important because
lower cognitive ability in childhood is associated with a range of
adverse vascular outcomes, such as hypertension (Starr et al.,
2004), cardiovascular disease (Hart et al., 2004), and vascular
dementia (McGurn, Deary, & Starr, 2008). Because a considerable
proportion of the variance in mental ability in later life is explained
by childhood mental ability (Deary, Whalley, Lemmon, Crawford,
& Starr, 2000), associations between cognition and ABI in later
life might be a consequence of the influence of childhood mental
ability on both of these outcomes rather than representing any
causal relationship.

The aim of the present study was to examine the associations
between PAD and ABI and cognitive performance in a range of
cognitive domains. On the basis of previous research, we hypoth-
esized that higher ABI would be related to better cognitive per-
formance. This was tested in two age-homogenous population-

based samples of different ages, 87 and 73 years old, in which
premorbid mental ability scores were available.

Methods

Participants

Data were collected within the Lothian Birth Cohort (LBC)
1921 and 1936 studies. Recruitment and data collection in these
studies have been described in detail elsewhere (Deary, Gow,
Pattie, & Starr, 2012; Deary et al., 2007; Deary, Whiteman,
Starr, Whalley, & Fox, 2004b). In brief, these data collections
follow up older people residing in the Edinburgh area of Scot-
land who participated in the Scottish Mental Surveys of 1932
and 1947 (Scottish Council for Research in Education, 1933,
1949). The participants were tested with a general intelligence
test at age 11 and were later recruited for follow-up studies at
mean ages of 79 (LBC1921) and 70 (LBC1936), respectively.

Of the 550 participants tested at wave 1 of the LBC1921, 321
persons (mean age � 83 years) came back for a second and 237
persons (mean age � 87 years) came back for a third wave of
testing at approximately 4-year intervals. At wave 1 of the
LBC1936, 1,091 participants were assessed, 866 (mean age �
73 years) of who came back for a second wave approximately
3 years later. Reasons for attrition were death, severe acute
illness, refusal, and loss of contact. Each assessment involved
an interview, cognitive testing, physical examination, and self-
report questionnaires. Ethics permissions were obtained from
the Multi-Centre Research and the Lothian Research Ethics
Committees for Scotland, and the ethical guidelines from the
World Medical Association Declaration of Helsinki were fol-
lowed throughout all parts of the studies. Informed consent was
collected from all participants.

For the present study, we used data from those data collection
waves when a measurement of ABI was introduced. At wave 3
of the LBC1921, 207 persons participated in the cognitive
testing. ABI was not assessed for 28 of these because the person
was tested at home or because the measurement was disrupted
because of discomfort for the participant. For the purpose of the
present study, nine additional persons were excluded because of
a low MMSE score (�24) or other indication of dementia in the
medical history, resulting in a sample of 170 persons for the
LBC1921.

At wave 2 of the LBC1936, 756 persons had data on ABI and
cognition. Of these, eight persons were excluded because of low
MMSE score or other indication of dementia, resulting in a sample
of 748 persons for the LBC1936.

Cognitive Assessment

For both cohorts, childhood mental ability was assessed with the
Moray House Test No. 12. This is a general mental ability test that
was validated against the Terman–Merill revision of the Binet
scales (Scottish Council for Research in Education, 1933; 1949);
thus, it could be used to calculate the persons’ IQ scores at age 11.
The cognitive tests used at follow-up were largely overlapping for
the two cohorts.

Nonverbal reasoning. Reasoning was measured by Raven’s
Standard Progressive Matrices (LBC1921) or the Wechsler Matrix
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Reasoning subtest (LBC1936). Raven’s Matrices (Raven, Court, &
Raven, 1977) is a 60-item test in which the participants are asked
to choose the correct item to complete an incomplete pattern.
Wechsler Matrix Reasoning is a subtest of the Wechsler Adult
Intelligence Scale-IIIU.K. (WAIS-III; Wechsler, 1998a). In this
test, the participants are asked to examine a pattern arrayed in a
matrix with one piece missing and choose the correct piece from
the provided answer options.

Verbal declarative memory. In the Logical Memory subtest
of the Wechsler Memory Scale (WMS; Wechsler, 1987, 1998b),
the participants listen to two short stories. Immediately after each
reading, and after a minimum of a 30-min delay, the participants
are asked to tell the interviewer as much as they can remember
from the stories. The score used was the total number of memory
elements recalled from immediate and delayed recall for the two
stories combined.

Verbal fluency. In letter fluency (Lezak, 2004), the partici-
pants are asked to name as many words as possible beginning with
the letters C, F, and L, respectively, during 1 min. Proper names or
repeated words are not credited. The score used was the total
number of words generated across the three tasks.

Working memory. In Letter-Number Sequencing from the
WAIS-III, the interviewer reads increasingly long strings of alter-
nating numbers and letters. The participants are instructed to repeat
first the numbers, in numerical order, and then the letters in
alphabetical order. The score used was the number of correctly
reproduced sequences.

Processing speed. In Digit Symbol (WAIS-III), the partici-
pants are instructed to enter symbols according to a given number-
symbol code. The score recorded is the number of completed
symbols within 2 min. Two reaction time (RT) tasks were admin-
istered, both with an interstimulus interval that varied between 1
and 3 s (Deary, Der, & Ford, 2001). In simple RT, there are 8
practice trials and 20 test trials. The participants are instructed to
press the 0 key as fast as possible each time a 0 appears on a LCD
screen. The mean RT of the 20 trials is calculated. The four-choice
RT test has 8 practice trials and 40 test trials. When a number
appears on the screen, the participants are to press the appropriate
key (1, 2, 3, or 4) as quickly as possible. The score used was mean
RT for correct trials.

For the LBC1921, the Moray House Test was readministered
at age 87 using the same instructions and 45-min time limit as
at age 11. The scores were corrected for age at time of testing
and converted to standard IQ type scores (M � 100, SD � 15).
A g factor score, representing general cognitive ability, was
derived from three of the tests described above: Raven’s Ma-
trices, Logical Memory-total, and letter fluency. For the
LBC1936, a more comprehensive g factor score was derived
from scores on six WAIS-III subtests: Letter-Number Sequenc-
ing, Matrix Reasoning, Block Design, Digit Symbol, Digit Span
Backwards, and Symbol Search. Further, a g speed factor score
was derived from scores on a set of processing speed measures:
Symbol Search, Digit Symbol, simple and choice RT, and
inspection time (a computer-based test of elementary visual
processing speed; Deary et al., 2004a). A g memory factor score
was derived from scores on a set of memory measures from
WMS: Logical Memory I immediate and II delayed recall,
Spatial Span forward and Spatial Span backward, Verbal Paired
Associates I immediate and II delayed recall, and two WAIS-III

subtests—Letter-Number Sequencing and Digit Span Back-
wards. The extraction of these factors, using principal compo-
nent analysis, has been described in detail elsewhere (Corley et
al., 2010; Luciano et al., 2009). In brief, regression scores were
calculated for the first unrotated principal component for a g
factor score. The same method was used to extract a g speed
factor score and a g memory factor score from the tests listed
above.

Physical Examination and Interview

A physical examination was conducted at each wave by trained
research nurses. Brachial systolic pressure was measured in the
right arm after 5 min of rest using a Doppler ultrasound and a
random zero sphygmomanometer placed just above the elbow.
Ankle systolic pressure was measured in the posterior tibial artery
of the right leg using a Doppler ultrasound and a random zero
sphygmomanometer with the cuff position just above the malleo-
lus. The ABI was derived by dividing the systolic blood pressure
in the ankle to that in the arm. PAD was defined as having an ABI
less than 0.90.

Demographic and medical information were obtained during a
standardized interview. Participants were asked questions about
their education, smoking status, and alcohol consumption. The
MMSE (Folstein et al., 1975) was administered to screen for
possible dementia. In addition, a medical history was taken, in-
cluding diagnoses of hypertension, diabetes, cardiovascular dis-
ease, and cerebrovascular disease. Blood samples were taken for
DNA extraction, and apolipoprotein E (APOE) genotyping was
performed with TaqMan technology for single-nucleotide poly-
morphisms rs7412 and rs429358. In this study, APOE status was
coded as ε4 or non-ε4 carrier. The participants also completed
self-report questionnaires, including the Hospital Anxiety and De-
pression Scale (Zigmond & Snaith, 1983), from which the number
of depressive symptoms was derived.

Statistical Analyses

Demographic and health differences between the two groups
(PAD vs. no PAD) were examined by �2 (categorical variables)
and t tests (continuous variables). The associations between ABI
and cognitive performance were first analyzed according to diag-
nostic category (PAD vs. no PAD). Group differences in cognitive
performance were analyzed with t tests. Thereafter, the ABI was
treated as a continuous variable. Four regression models were
fitted to the data. The most basic model included age and sex as
covariates. The second model included age, sex, and age-11 IQ. In
the third model, we excluded persons with ABI greater than 1.40
because these values fall outside of the normal range. Abnormally
high values may be a sign of severe PAD because calcification of
the artery walls may cause incompressible vessels (Aboyans et al.,
2012). In the fourth model, we also excluded persons with a
history of cardiovascular or cerebrovascular disease because we
were interested in the effect of PAD in a normal elderly sample
without a history of severe vascular disease. Finally, we examined
possible interaction effects between APOE and ABI in the fourth
model because the effect of vascular risk factors on cognition in
some cases has been reported to be stronger among carriers of the
APOE ε4 allele (Bender & Raz, 2012).
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Results

LBC1921

The characteristics of the LBC1921 sample are shown in Table
1. By definition, persons with PAD had a lower ABI compared
with persons without PAD. The PAD persons were also signifi-
cantly more likely to be APOE ε4 carriers. However, there were no
significant group differences for the demographic variables or
childhood mental ability. Also, the correlation between childhood
mental ability and ABI was not significant (r � .07, p � .41). As
for the health-related variables, persons with PAD tended to be
more affected by cardiovascular disease (p � .06). Differences in
cognitive performance on the basis of the dichotomized variable
(PAD vs. no PAD) are also reported in Table 1. There were no
significant group differences, although the PAD group showed a
marginally significant poorer performance on Digit Symbol (p �
.05).

Table 2 shows the associations between ABI and cognitive
performance. In these analyses, ABI was treated as a continuous
variable. In Model 1 (controlling for age and sex), a higher ABI
was significantly associated with better general cognitive abil-
ity (g), better working memory performance (Letter-Number

Sequencing), and better performance in two of three processing
speed tasks (Digit Symbol and mean simple RT). Controlling
for childhood mental ability (Model 2) rendered the association
between ABI and g nonsignificant and slightly weakened the
associations with working memory and processing speed. After
removing persons with abnormally high ABI (Model 3), general
cognitive ability and Digit Symbol performance were signifi-
cantly associated with ABI. Model 4 resulted in a similar
pattern of results as Model 1, suggesting that in a sample free
of severe vascular disease, higher ABI is associated with better
general cognitive ability (g factor: B � 1.16, 95% confidence
interval [CI] � 0.20 –2.11) and processing speed (Digit Sym-
bol: B � 19.73, 95% CI � 5.99 –33.48; mean simple RT: B �
�0.19, 95% CI � �0.34 to �0.04). Effect sizes expressed in R2

change, indicating the additional amount of variance explained by the
ABI after having entered the covariates, ranged between .05 and .08
for the significant associations, with a larger effect observed for
processing speed. Further adjustment for smoking status (never
smoked vs. ex- or current smoker), alcohol consumption (no vs. yes),
history of hypertension, or history of diabetes did not affect the pattern
of results (data not shown). Controlling for the number of depressive
symptoms did not attenuate the association between ABI and cogni-

Table 1
Characteristics of the LBC1921 Sample (n � 170) According to PAD Status

Characteristic

No PAD n � 123 PAD n � 47

Effect SizeM SD M SD

ABI 1.13 0.18 0.75 0.12 2.28��

Age 86.62 0.40 86.58 0.40 0.11
Sex (% women) 50.41 55.32 0.04
Education (years) 11.45 2.77 10.90 2.27 0.21
Age-11 IQ 103.43 14.04 101.90 11.78 0.11
MMSE 28.16 1.51 28.17 1.51 0.01
APOE ε4 (%) 18.03 33.33 0.16�

Smoking 0.08
Never smoked (%) 50.41 42.55
Ex-smoker (%) 47.15 53.19
Current smoker (%) 2.44 4.26

Alcohol consumption (yes, %) 76.03 74.47 0.02
Units of alcohol/week 8.19 11.51 8.81 11.50 0.05

Systolic blood pressure 155.58 21.14 160.49 23.74 0.23
Diastolic blood pressure 76.05 10.54 73.19 11.24 0.27
History of hypertension (%) 44.72 55.32 0.10
History of diabetes (%) 4.88 4.26 0.01
History of cardiovascular disease (%) 20.33 34.04 0.14
History of cerebrovascular disease (%) 8.13 6.38 0.03
Number of depressive symptoms 3.92 2.49 3.51 2.24 0.17
Age-87 IQ 101.24 13.75 100.42 14.29 0.06
g factor 0.11 0.94 –0.09 0.98 0.22

Raven’s Matrices 28.99 8.84 26.80 9.69 0.24
Logical Memory–total 34.26 13.30 31.77 15.26 0.18
Letter fluency 40.20 12.44 41.04 11.66 0.07

Letter-Number Sequencing 9.30 2.93 8.94 3.11 0.12
Digit Symbol 42.19 12.68 37.74 13.06 0.35
Mean simple RT 0.34 0.10 0.39 0.19 0.37
Mean four-choice RT (correct

responses) 0.82 0.13 0.83 0.18 0.05

Note. For continuous variables, p values for group differences are based on t tests and absolute effect size is
expressed as Cohen’s d. For categorical variables, p values are based on �2 tests and effect size is expressed as
�/Cramer’s V.
� p � .05. �� p � .001.
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tion. Rather, it resulted in slightly larger �s for ABI and rendered the
associations with age-87 IQ (� � .18, p � .05) and Raven’s Matrices
(� � .19, p � .05) significant. Finally, we checked for potential
interaction effects between APOE and ABI. However, no such inter-
action effect was observed (data not shown).

LBC1936

The characteristics of the LBC1936 sample are shown in Table
3. The prevalence of PAD was lower in the younger cohort (12%
vs. 28% in LBC1921), consistent with previous findings that the
prevalence of PAD increases with age (Aboyans & Criqui, 2009).
Again, there were no group differences for the demographic vari-
ables or childhood mental ability. Also, there was no significant
correlation between childhood mental ability and ABI (r � �.03,
p � .45). As for the vascular risk factors, there was a higher
prevalence of current smokers in the PAD group. Persons in this
group also had higher systolic blood pressure and were more likely
to have a history of diabetes and cardiovascular disease. Regarding
the cognitive measures, there was a significant group difference in
memory performance, with the PAD group showing better perfor-
mance compared with the no PAD group.

Table 4 shows the associations between ABI and cognitive
performance in the LBC1936. In Model 1 (controlling for age and
sex), there was a significant negative association between ABI and
Logical Memory total score. However, only this one test showed a
significant association; furthermore, it was in the unexpected di-
rection. The association with memory no longer remained signif-
icant after removing persons with a history of cardiovascular or
cerebrovascular disease (Model 4). In Model 2 (controlling for
age, sex, and age-11 IQ), there was a significant positive associ-
ation between ABI and Digit Symbol (processing speed) perfor-
mance, and in the fourth and final model, a significant association
between ABI and cognitive performance was observed for Digit
Symbol (B � 0.77, 95% CI � 0.21 to 1.34) and g speed (B � 8.60,
95% CI � 1.30 to 15.90). Effect sizes, expressed in R2 change,
were .01, indicating that ABI explained 1% of the variance in
processing speed in the younger cohort. Further adjustment for
smoking status, alcohol consumption, history of hypertension,
history of diabetes, or number of depressive symptoms did not

affect the pattern of results. Also, no significant interaction effect
between APOE and ABI was observed (data not shown).

Discussion

In this study, we observed no significant group differences in
cognitive performance between persons with or without PAD
(ABI � 0.90). However, we did observe an association between a
continuous measure of ABI and cognitive functioning. This asso-
ciation was most consistently found for processing speed.

One possible explanation for the association between ABI and
cognitive performance would be that persons with poor mental
abilities are at higher risk of developing PAD (Gale, Deary,
Fowkes, & Batty, 2012). However, because we had data on child-
hood IQ, we were able to rule out that possibility and show that
prior mental abilities could not account for this association. First,
there was no significant difference in age-11 IQ between persons
with or without PAD (Tables 1 and 3) or any correlation between
childhood mental ability and ABI (ps � .40). Second, the associ-
ation between ABI and cognitive performance was significant also
after controlling for childhood mental ability (Tables 2 and 4).
Thus, our results imply that PAD is associated with relative cog-
nitive decline in older adults.

Another possible explanation for the association between ABI
and cognitive performance would be a higher prevalence of severe
vascular conditions in persons with low ABI. However, although
persons with PAD tended to have higher prevalence of cardiovas-
cular disease, excluding persons with self-reported cardiovascular
or cerebrovascular disease did not result in weaker associations
between ABI and cognition (Tables 2 and 4, Model 4). These
results indicate that PAD is associated with impairment of cogni-
tive function in relatively healthy older adults, free of stroke and
symptomatic cardiovascular disease.

As indicated by the effect sizes, the association between ABI
and cognition was more pronounced in the older cohort (87 years).
This was not due to more severe PAD in the older cohort—mean
ABI was very similar for the two groups with PAD. Furthermore,
the prevalence of vascular disease was not higher in the old PAD
group (Tables 1 and 3).

Table 2
Associations Between ABI and Cognitive Performance in the 1921 Cohort

Cognitive Variable

Model 1a Model 2b Model 3c Model 4d

� p R2 Change � p � p � p R2 Change

Age-87 IQ .07 .38 .005 �.02 .81 .03 .72 .13 .17 .016
g Factor .16 .04� .025 .07 .37 .17 .04� .23 .02� .053

Raven’s Matrices .11 .16 .012 .02 .84 .09 .28 .15 .12 .022
Logical Memory–total .10 .18 .011 .05 .57 .11 .19 .19 .08 .034
Letter fluency .09 .24 .008 .04 .65 .09 .27 .16 .11 .026

Letter-Number Sequencing .22 �.01�� .047 .17 .04� .11 .18 .18 .09 .031
Digit Symbol .20 .01� .039 .17 .04� .25 �.01�� .29 �.01�� .084
Mean simple RT �.16 .04� .027 �.15 .08 �.17 .05 �.27 .01� .071
Mean four-choice RT (correct responses) �.05 .55 .002 .00 .97 �.04 .67 �.07 .55 .004

a Adjusted for age and sex, n � 170. b Adjusted for age, sex, and age-11 IQ, n � 149. c Adjusted for age, sex, and age-11 IQ, persons with
ABI � 1.40 excluded, n � 139. d Adjusted for age, sex, and age-11 IQ, persons with ABI � 1.40 or a history of cardiovascular or cerebrovascular disease
excluded, n � 93.
� p � .05. �� p � .01.
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Why was the effect most evident in the older cohort? One
explanation could be that the older persons with PAD had suffered
from this condition for a longer time. The prevalence of PAD is
strongly related to age (Aboyans & Criqui, 2009), which makes it

more likely for the old cohort to have been affected by atheroscle-
rosis during a more protracted period. Continued obstruction of the
blood flow to the brain may lead to cerebral hypoperfusion, ham-
pering efficient delivery of glucose and oxygen to the brain cells

Table 3
Characteristics of the LBC1936 Sample (n � 748) According to PAD Status

Characteristics

No PAD n � 657 PAD n � 91

Effect SizeM SD M SD

ABI 1.12 0.16 0.81 0.09 2.06���

Age 72.53 0.70 72.47 0.68 0.09
Sex (% women) 48.86 48.35 0.00
Education (years) 10.82 1.15 10.79 1.10 0.03
Age-11 IQ 101.44 14.72 101.56 13.62 0.01
MMSE 28.84 1.29 28.75 1.30 0.07
APOE ε4 (%) 30.39 27.06 0.02
Smoking 0.12��

Never smoked (%) 48.55 39.56
Ex-smoker (%) 43.99 42.86
Current smoker (%) 7.46 17.58 0.12��

Alcohol consumption (yes, %) 89.04 82.42 0.07
Units of alcohol/week 13.24 14.81 14.98 12.89 0.12

Systolic blood pressure 146.81 18.36 154.39 18.54 0.41���

Diastolic blood pressure 77.65 9.49 78.73 10.84 0.11
History of hypertension (%) 48.10 53.85 0.04
History of diabetes (%) 8.68 16.48 0.09�

History of cardiovascular disease (%) 27.25 38.46 0.08�

History of cerebrovascular disease (%) 5.48 8.79 0.05
Number of depressive symptoms 2.52 2.16 2.86 2.20 0.16
g Factor 0.04 0.96 0.11 0.98 0.07
g Memory 0.01 0.97 0.29 0.96 0.29
g Speed 0.05 0.98 �0.03 1.01 0.08
Matrix Reasoning 13.26 4.92 14.10 5.01 0.17
Logical Memory–total 45.67 9.83 49.10 10.35 0.35��

Letter fluency 43.34 12.97 45.15 13.50 0.14
Letter-Number Sequencing 10.94 3.03 11.60 3.01 0.22
Digit Symbol 57.00 12.23 55.91 12.21 0.09
Mean simple RT 0.27 0.05 0.27 0.04 0.15
Mean four-choice RT (correct

responses) 0.65 0.09 0.64 0.09 0.10

Note. For continuous variables, p values for group differences are based on t tests and absolute effect size is expressed as
Cohen’s d. For categorical variables, p values are based on �2 tests and effect size is expressed as �/Cramer’s V.
� p � .05. �� p � .01. ��� p � .001.

Table 4
Associations Between ABI and Cognitive Performance in the 1936 Cohort

Cognitive Variable

Model 1a Model 2b Model 3c Model 4d

� p R2 Change � p � p � p R2 Change

g Factor .01 .72 .000 .05 .12 .04 .21 .07 .07 .005
g Memory �.05 .20 .002 �.02 .48 �.05 .15 .00 .95 .000
g Speed .04 .35 .001 .06 .09 .06 .10 .12 �.01�� .014
Matrix Reasoning �.01 .72 .000 .01 .74 .01 .77 .03 .47 .001
Logical Memory–total �.09 .01� .008 �.07 .04� �.08 .03� �.04 .33 .002
Letter fluency .01 .81 .000 .03 .34 .02 .59 .04 .40 .001
Letter-Number Sequencing �.01 .70 .000 .02 .62 .01 .87 .04 .38 .001
Digit Symbol .06 .11 .003 .09 .01� .06 .07 .10 .02� .009
Mean simple RT �.01 .74 .000 �.03 .47 �.02 .58 �.08 .11 .006
Mean four-choice RT (correct responses) .01 .81 .000 �.01 .76 �.00 .99 �.04 .42 .001

a Adjusted for age and sex, n � 748. b Adjusted for age, sex, and age-11 IQ, n � 706. c Adjusted for age, sex, and age-11 IQ, persons with ABI � 1.40 excluded,
n � 673. d Adjusted for age, sex, and age-11 IQ, persons with ABI � 1.40 or a history of cardiovascular or cerebrovascular disease excluded, n � 455.
� p � .05. �� p � .01.
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(de la Torre, 2000). Atherosclerotic disease has also been associ-
ated with increased number of silent brain infarcts (Bouchi et al.,
2012; Longstreth et al., 2002) and white matter hyperintensities
(Bos et al., 2011; Bots et al., 1993), both of which have been
related to cognitive deficits (Wright et al., 2008). Thus, persons
with PAD who are free of clinically manifest cerebrovascular
disease could still have brain changes that may cause cognitive
deficits (de la Torre, 2010; Rafnsson, Deary, & Fowkes, 2009).

An additional explanation for why the older cohort was more
affected is that older age may be associated with increased vul-
nerability for different vascular conditions. Gray and white matter
volumes are known to show age-related shrinkage, which is in turn
related to poorer cognitive performance (Raz & Kennedy, 2009).
Normal aging is also associated with reduced cerebral blood flow
(de la Torre, 2000). Therefore, an older brain may be more likely
to be affected by additional strain (e.g., reduced blood flow due to
atherosclerotic disease). Taken together, these brain changes may
lead to cognitive deficits and eventually dementia. In the younger
cohort, there was a marginal effect of the ABI on the general
cognitive factor, and in the older cohort this effect was significant.
Thus, it is possible that continued exposure, especially in combi-
nation with age-related brain changes, will result in more global
cognitive deficits.

For both cohorts, the strongest association was observed for
processing speed. This is consistent with previous findings that
persons affected by PAD perform worse on the Digit Symbol task
(Haan et al., 1999; Price et al., 2006; Vupputuri et al., 2008). In the
present study, a higher ABI was associated with better perfor-
mance on Digit Symbol (higher score) and RT (faster perfor-
mance) in the older cohort and better performance on Digit Sym-
bol and g speed in the younger cohort. This is consistent with
previous studies observing associations between cerebral blood
flow, white matter hyperintensities, and silent infarcts with pro-
cessing speed (Marquine et al., 2010; Rabbitt et al., 2006; Vermeer
et al., 2003).

Major strengths of the present study are that we had access to
two large age-homogenous population-based samples of different
ages in which ABI data were collected in the same way by the
same set of research nurses. Both cohorts were tested with broad
cognitive test batteries, which were largely overlapping in terms of
cognitive domains assessed and tests used, and we had access to
childhood mental ability scores.

A limitation of the present study is that vascular disease history
(e.g., stroke, cardiovascular disease) was measured by self-report,
which is always associated with some uncertainty. It should also be
mentioned that analyses were performed for a relatively large
number of cognitive tests, thus increasing the risk of committing a
Type I error. If we had applied a more stringent � level (e.g., p �
.01), only the associations with processing speed would have
remained significant. Another limitation is that although the sam-
ples were population based, they are still likely to be of superior
health compared with the general population. Persons with severe
health problems would have been more likely to decline partici-
pation in these quite extensive examinations. Moreover, because
PAD is related to increased mortality (Criqui et al., 1992), the most
severe cases might already be dead. This selectivity is most likely
to affect the results by leading to an underestimation of the
association between ABI and cognition.

The results of this study show that atherosclerosis, measured
with the ABI, is associated with worse cognitive performance in a
nondemented population-based sample, especially among the old-
est old (�85 years). These findings are highly relevant given that
vascular cognitive impairment is a common and possibly prevent-
able condition that is associated with a high risk of progressing to
dementia or dying (Wentzel et al., 2001). The ABI is an easily
applied measure, which at a low cost can provide an assessment of
PAD and generalized atherosclerosis without any risk for the
patient. Given the association between ABI and cognition, the ABI
could be a clinically useful tool to provide important information
pertaining to vascular health for the oldest old who are at risk for
cognitive decline. Early detection of persons at high risk enables
intervention at an early stage, when it is most like to be efficient.
Control of vascular risk factors could have a major effect on
promoting healthy aging in the general population (de la Torre,
2010).
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