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OBJECTIVEdMacrovascular disease may contribute to increased risk of accelerated cognitive
decline in patients with type 2 diabetes. We aimed to determine associations of measures of macro-
vascular disease with cognitive change in a cognitively healthy older population with type 2 diabetes.

RESEARCHDESIGNANDMETHODSdEight hundred thirty-onemen andwomen (aged
60–75 years) attended two waves of the prospective Edinburgh Type 2 Diabetes Study (ET2DS). At
baseline, clinical and subclinical macrovascular disease was measured, including cardiovascular event
history, carotid intima-media thickness (cIMT), ankle brachial index (ABI), and serum N-terminal
probrain natriuretic peptide (NT-proBNP). Seven neuropsychological tests were administered at base-
line and after 4 years; scores were combined to a standardized general ability factor (g). Adjustment of
follow-up g for baseline g assessed 4-year cognitive change. Adjustment for vocabulary (estimated
premorbid ability) was used to estimate lifetime cognitive change.

RESULTSdMeasures of cognitive decline were significantly associated with stroke, NT-
proBNP, ABI, and cIMT, but not with nonstroke vascular events. The association of stroke with
increased estimated lifetime cognitive decline (standardized b,20.12) and of subclinical mark-
ers with actual 4-year decline (standardizedb,20.12, 0.12, and20.15 for NT-proBNP, ABI, and
cIMT, respectively) reached the Bonferroni-adjusted level of statistical significance (P, 0.006).
Results altered only slightly on adjustment for vascular risk factors.

CONCLUSIONSdStroke and subclinical markers of cardiac stress and generalized atherosclero-
sis are associatedwith cognitive decline in older patientswith type2diabetes. Further investigation into
the potential use of subclinical vascular disease markers in predicting cognitive decline is warranted.
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Cognitive abilities are essential for
independent living in later life, and
some domains of cognitive func-

tioning decline in mean level from rela-
tively early adulthood (1). Age-related
cognitive decline is accompanied by path-
ological changes in the brain, including
cerebral microvascular changes, and al-
though individual differences exist in
the severity of age-related microvascular
damage in the brain, this is difficult to in-
vestigate noninvasively. Systemic athero-
sclerotic changes in the body may serve
as a marker of vascular-related changes in
the brain (2) that, in turn, lead to cogni-
tive deficits (3,4). However, the potential
of large vessel changes distant from the
brain itself to function as markers of cog-
nitive decline remains unclear. We aimed
to study a range of measures of clinical
and subclinical macrovascular disease
that focus on different areas of the vascu-
lature or different underlying pathophys-
iological mechanisms to assess which of
these might function as proxies of cogni-
tive decline.

Understanding the role of macrovas-
cular disease in age-related cognitive im-
pairment is particularly important in
diabetes, given the higher prevalence of
atherosclerotic large vessel disease as well
as the accelerated cognitive decline and
increased risk of cognitive impairment
(5,6) associated with this condition, and
the potentially modifiable nature of mac-
rovascular disease (7). The prevalence of
stroke, of transient ischemic attack (TIA)
(8), and of coronary heart disease (9) are
higher in diabetic populations than in
nondiabetic populations, and average na-
triuretic peptide levels, a marker of car-
diac stress, are increased (10). Markers of
subclinical atherosclerosis also are al-
tered, with increased average carotid
intima-media thickness (cIMT) (11) and
reduced mean ankle brachial index
(ABI) (12). Despite this, investigation
into the role of macrovascular disease in
age-related cognitive impairment in
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people with diabetes is limited compared
with investigation into this issue in the
general (predominantly nondiabetic)
population. We set out to determine the
association of a variety of measures of
subclinical macrovascular disease and
cardiovascular event categories with cog-
nitive decline in a sample of older people,
all of whom had diabetes (the Edinburgh
Type 2 Diabetes Study [ET2DS]). We did
so using two cognitive outcomes, actual
late-life cognitive change over a 4-year
period and estimated lifetime cognitive
change. These analyses are timely given
the increasing prevalence of diabetes at
younger ages (13) that, together with
greater survival (14) and greater lifetime
exposure to diabetes in current genera-
tions, is likely to contribute to increasing
prevalence of cognitive impairment.

RESEARCH DESIGN AND
METHODS

Study population
In 2006, the ET2DS recruited a randomly
selected sample of older adults with type
2 diabetes from the Lothian Diabetes
Register, a population-based disease reg-
ister that contains details of nearly all
individuals with diagnosed diabetes living
in the Lothian region of Scotland, U.K.
The study had ethical approval from the
Lothian Medical Research Ethics Commit-
tee. Of 5,454 individuals aged 60–74 years
who were invited to participate, 1,066
were recruited. Details of recruitment
have been described previously (15) and
representativeness of the cohort has been
demonstrated by comparing demographic
and clinical characteristics of responders
and nonresponders (16).

At baseline in 2006–2007, all study
participants attended a dedicated re-
search clinic for extensive physical and
cognitive examination and 939 (88%) re-
turned for further examination after ;1
year (2007–2008). All participants were
considered for repeat cognitive testing af-
ter 4 years (2010–2011). Between base-
line and year 4, 88 participants had
died, 9 declined further participation,
and 26 were deemed unfit to continue
participation. Invitations were sent out
to 943 (88%) participants. Of these, 98
declined to attend and 14 could not be
contacted; 831 (78%) ultimately attended
the year 4 clinic (Fig. 1). Reasons for non-
attendance at follow-up included poor
health (including dementia), responsi-
bilities as a carer, and loss of interest
in participation. Nonattenders were

followed-up using subject or general
practitioner questionnaires, record link-
age to hospital discharge and death certif-
icate data, and review of hospital notes
when required. Informed consent was ob-
tained from all participants at each clinic
attendance.

Physical and cognitive examination
All assessments were performed by spe-
cially trained nurses following standard
operating procedures and have been de-
scribed in detail previously (15). At base-
line, fasting blood samples were taken for
measurement of total serum cholesterol,
HbA1c, glucose, and plasma N-terminal
probrain natriuretic peptide (NT-
proBNP). Participants completed a ques-
tionnaire with standard questions about
vascular disease and vascular risk factors,
including smoking history, doctor diag-
nosis of myocardial infarction (MI), an-
gina, and stroke, the World Health
Organization chest pain questionnaire,
and the Edinburgh Claudication Ques-
tionnaire (17).

Height and weight, brachial blood
pressure, and a standard 12-lead electro-
cardiogram were recorded and measure-
ment of right and left brachial, posterior
tibial, and dorsalis pedis systolic pres-
sures were used to calculate the ABI.
Scottish Morbidity Record (SMR01) data

on all medical and surgical discharges
from Scottish hospitals between 1981 and
2011 were obtained. Any ICD-10 or ICD-
9 codes for cardiovascular or cerebrovas-
cular disease recorded between 1981 and
2007 were extracted and used together
with questionnaire data on vascular dis-
ease and electrocardiogramfindings (aswell
as review of clinical notes when required)
to define MI, angina, stroke, and TIA, as
detailed previously (16,18). Peripheral arte-
rial disease was defined as presence of in-
termittent claudication on the Edinburgh
Claudication Questionnaire.

At year 1, carotid IMT was measured
bilaterally in three separate images of the
common carotid artery, 1 to 2 cm below
the bifurcation and in areas free of plaque
using a Sonoline Elegra Ultrasound Im-
aging System (Siemens Medical Systems).
Mean cIMT was calculated for the left and
right carotid arteries; the higher of the two
values was used for analyses.

At baseline and at 4-year follow-up,
seven neuropsychological tests were used
to measure several domains of cognitive
ability. The Borkowski Verbal Fluency
Test (BVFT) examined executive func-
tion. The Logical Memory (LM) subtest of
the Wechsler Memory Scale, third edi-
tion, assessed immediate and delayed
verbal declarative memory. Nonverbal
memory was measured by the Faces subtest

Figure 1dSubject participation in the ET2DS.
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of the same scale. The Trail-Making Test B
(TMT-B) examined mental flexibility and
executive function. The Digit Symbol
Coding (DSC) subtest of the Wechsler
Adult Intelligence Scale, third edition,
measured speed of information process-
ing. The Letter-Number Sequencing and
the Matrix Reasoning (MR) subtests from
the Wechsler Adult Intelligence Scale,
third edition, assessed working memory
and nonverbal reasoning, respectively.
Scores on the combined junior and senior
Mill Hill Vocabulary Scale (MHVS) for
synonyms, which correlate strongly with
scores on the more traditionally used
National Adult Reading Test (19), tested
vocabulary abilities. Symptoms of depres-
sion and anxiety were self-reported on the
Hospital Anxiety and Depression Scale
(20). The Mini-Mental-State Examination
(MMSE) (21) assessed global cognitive
function. A cut-point of ,24 out of 30 is
traditionally used to identify individuals
with possible dementia (22). However,
because of the low validity and reliability
of this method (23), we applied the fol-
lowing additional criteria to define de-
mentia: using medication for dementia at
baseline or year 4, or both; dementia cod-
ing (F00, F01, F02, F03, or G30) from
SMR01 or on death certificate between
1981 and completion of year 4 follow-up
in 2011; report of psychiatrist diagnosis of
dementia in a questionnaire sent to gen-
eral practitioners of all subjects with
MMSE ,24 at baseline or follow-up and
subjects who did not attend the year 4
clinic; a psychiatrist’s diagnosis of demen-
tia obtained from a review of psychiatry
or hospital notes performed after comple-
tion of year 4 follow-up; and self-reported
or relative-reported dementia. Dementia
was recorded if two of these criteria were
met or, in subjects with MMSE score,24
at baseline or follow-up, or missing at
follow-up, if one of the first four criteria
was met.

Statistical analysis
Preparation of data. Because of skewed
distributions, NT-proBNP and TMT-B
were transformed to their natural loga-
rithm values. When data for one, two, or
three out of the seven cognitive tests
were missing, multiple imputation ac-
counting for age and sex was performed.
In accordance with previous literature
(24), mild cognitive impairment (MCI)
was defined as scoring in the lowest fifth
percentile of memory scores (LM), with
MMSE $24 and failure to meet criteria
for dementia.

Univariate analyses. Exploratory anal-
yses determined associations among
baseline predictors, correlations between
cognitive scores measured at baseline and
at follow-up, and 4-year change in mean
cognitive scores. Mean ABI, cIMT, and
NT-proBNP and prevalence of macrovas-
cular disease were compared in partici-
pants with dementia, in those who had
conversion to MCI during follow-up, and
in the remaining sample.
Multivariate analyses. Multivariate re-
gression analyses tested for associations
between baseline macrovascular disease
and follow-up cognitive scores, estimated
lifetime, and 4-year cognitive change.
To estimate lifetime cognitive change,
follow-up cognitive scores were adjusted
for baseline MHVS scores. Because vo-
cabulary tests measure "crystallized" in-
telligence and show little age-related
declines, they may be used to estimate
peak previous cognitive ability (25). De-
tails of this approach have been published
previously (26); essentially, by control-
ling for a well-validated estimate of peak
cognitive ability, it was possible to assess
associations of macrovascular disease var-
iables with estimated decline from best-
ever level of cognitive function. To
measure actual 4-year cognitive change,
follow-up scores were adjusted for base-
line scores on the respective cognitive test.
General ability factor g. Principal com-
ponents analysis was performed on cog-
nitive test scores with extraction of
components with Eigen values .1 to
function as additional cognitive out-
comes. A single component of general
cognitive ability (usually referred to as g)
was determined for follow-up (factor
loading: Faces, 0.51; LM, 0.61; DSC,
0.62; BVFT, 0.62; MR, 0.69; Letter-
Number Sequencing, 0.75; DSC and
TMT-B, 0.81), which accounted for
47.4% of the total variance. Strictly speak-
ing, principal components analysis does
not extract "factors," but the usage is com-
mon and we adopted it here. It has been
found that individuals who perform well
on one cognitive test tend to perform well
on another (27). Adjustment of follow-up
g for baseline g to signify 4-year cognitive
change requires that both are standard-
ized in the same population. To achieve
this, cognitive data were arranged in the
statistical program so that each of seven
columns included cognitive scores ob-
tained at baseline and at follow-up, a sin-
gle principal components analysis was
performed, and saved regression scores
of the first principal component were

separated into two columns according to
time point. The resulting baseline g and
follow-up g, which therefore have identi-
cal factor loading (Faces, 0.43; LM, 0.55;
BVFT, 0.65; MR, 0.67, Letter-Number Se-
quencing, 0.72; DSC, 0.75; TMT-B,
0.79), were then used for all analyses of
4-year change in g.
Covariates and correction for multiple
comparisons. Linear regression analyses
were further adjusted for conventional
cardiovascular risk factors (brachial blood
pressure, serum total cholesterol, and
history of cigarette smoking). Post hoc
analyses controlling for baseline MHVS
determined the independence of associa-
tions with 4-year cognitive change from
premorbid ability. To counteract risk of
type I error, Bonferroni corrections are
commonly applied to the cut-point for
statistical significance, but this increases
the risk of accepting incorrect null hy-
potheses (type II error). To balance these
risks, and because all three cognitive out-
comes were derived from one variable, we
applied a Bonferroni correction on the
basis of nine individual analyses only (to
reflect nine predictor variables; cut-point
P, 0.006). Analyses were performed us-
ing SPSS for Windows version 19.0
(IBM).

RESULTSdA comparison of baseline
sociodemographic and physical charac-
teristics revealed modest differences be-
tween participants who returned for year
4 follow-up ("attenders") and those who
did not ("nonattenders") (Table 1). At-
tenders had significantly better cognitive
ability at baseline and were less likely to
have dementia by year 4 (n = 4, 0.5%)
compared with nonattenders (n = 15,
6.4%). Further analyses were performed
on data from attenders; in this group,
mean age at baseline was 67.7 years and
293 participants (35.3%) had had at least
one cardiovascular event (stroke, TIA,MI,
angina, or intermittent claudication).

Many measures of macrovascular dis-
ease were associated with each other;
participants with low ABI tended to
have higher cIMT (r = 20.10; P =
0.004) and increased plasma NT-proBNP
levels (r = 20.16; P , 0.001). NT-
proBNP correlated positively with cIMT
(r = 0.13; P , 0.001). Participants with
history of any cardiovascular disease
(CVD), stroke, or angina all had signifi-
cantly higher mean NT-proBNP and
cIMT, and lower mean ABI compared
with the remaining population (all asso-
ciations P, 0.001 for any CVD; P, 0.05
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Table 1dBaseline characteristics of ET2DS participants attending and not attending 4-year follow-up for cognitive testing

Attenders Nonattenders

N
Mean 6 SD, median

(quartile range), or n (%) N
Mean 6 SD, median

(quartile range), or n (%)
P for difference

or trend

Age, years 831 67.69 6 4.16 235 68.71 6 4.27 0.001
Male 831 430 (51.7) 235 117 (49.8) 0.596
Education 831 235 0.110
University degree 831 145 (17.4) 235 26 (11.1)
Professional 831 239 (28.8) 235 68 (28.9)
Secondary school 831 442 (53.2) 235 139 (59.1)
Primary school 831 5 (0.6) 235 2 (0.9)

SIMD rank 831 235 ,0.001
1st quintile 831 99 (11.9) 235 28 (11.9)
2nd quintile 831 143 (17.2) 235 65 (27.7)
3rd quintile 831 143 (17.2) 235 45 (19.1)
4th quintile 831 146 (17.6) 235 48 (20.4)
5th quintile 831 300 (36.1) 235 49 (20.9)

HADS anxiety 831 5 (3–8) 234 6 (4–9) ,0.001
HADS depression 831 3 (1–5) 234 4 (2–6) 0.002
Duration of diabetes, years 824 6 (3–11) 229 7 (3–12) 0.196
Current treatment 830 235 0.281
Insulin 6 tablets 830 139 (16.7) 235 47 (20.0)
Tablets alone 830 526 (63.4) 235 153 (64.8)
Diet alone 830 165 (19.9) 235 35 (14.9)
HbA1c, % 804 7.39 6 1.13 224 7.41 6 1.08 0.872
HbA1c, mmol/mol 804 57 6 12.4 224 57 6 11.8 0.872
Plasma glucose, mmol/L 821 7.54 6 2.09 228 7.66 6 2.13 0.425
Systolic BP, mmHg 829 132.51 6 15.87 235 136.09 6 18.09 0.006
Diastolic BP, mmHg 829 68.95 6 8.87 235 69.44 6 9.50 0.457
BMI, kg/m2 831 31.29 6 5.59 234 31.93 6 6.03 0.130
WHR 828 0.97 6 0.08 233 0.97 6 0.08 0.966
Total cholesterol, mmol/L 826 4.34 6 0.90 231 4.23 6 0.91 0.100
Current smoker 831 108 (13.0) 235 45 (19.1) 0.018
Former smoker 831 390 (46.9) 235 109 (46.4) 0.882
Never smoked 831 333 (40.1) 235 81 (34.5) 0.120
cIMT, mm 775 1.00 6 0.17 142 0.99 6 0.17 0.408
ABI 824 0.99 6 0.20 235 0.95 6 0.23 0.009
NT-proBNP, pg/mL 820 71 (35–158) 230 102 (48–216) 0.004
MI 831 111 (13.4) 235 39 (16.6) 0.207
Angina 831 222 (26.7) 235 76 (32.3) 0.090
Stroke 831 44 (5.3) 235 18 (7.7) 0.171
TIA 831 27 (3.2) 235 4 (1.7) 0.213
PAD 831 53 (6.4) 235 12 (5.1) 0.472
Any CVD 831 293 (35.3) 235 100 (42.2) 0.041
MMSE 830 29 (28–30) 233 28 (27–29) ,0.001
MMSE ,24 830 13 (1.6) 234 17 (7.3) ,0.001
Dementia 831 4 (0.5) 235 15 (6.4) ,0.001
MHVS 820 31.45 6 5.07 229 29.07 6 5.38 ,0.001
LM 830 25.82 6 7.97 232 22.94 6 8.54 ,0.001
Faces 829 66.35 6 7.66 232 63.95 6 8.40 ,0.001
MR 830 13.35 6 5.23 233 10.92 6 5.02 ,0.001
DSC 830 50.37 6 14.37 231 44.72 6 15.52 ,0.001
TMT-B, sec 830 101 (79–132) 232 124 (94–164) ,0.001
Letter-Number Sequencing 829 9.91 6 2.67 232 8.78 6 2.95 ,0.001
BVFS 828 37.77 6 12.53 232 33.93 6 13.47 ,0.001
g 829 0.13 6 0.93 231 20.44 6 1.11 ,0.001

Attenders (n = 831) vs. nonattenders (n = 235). Data for attenders include three patients who attended follow-up but did not provide cognitive data. At baseline, 1,021
of 1,066 participants completed all cognitive tests. Missing data were imputed for 39 participants. BP, blood pressure; HADS, Hospital Anxiety and Depression Scale;
PAD, peripheral arterial disease; SIMD, Scottish Index of Multiple Deprivation; WHR, waist-to-hip ratio.
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for stroke and angina). History of TIA was
associated with lower mean ABI (P =
0.009). Mean NT-proBNP (P , 0.001)
and cIMT (P = 0.012) were increased in
participants with MI.

Of all subjects attending follow-up
(n = 831), three were not cognitively
tested because of refusal or physical dis-
ability. Performance on each cognitive
test correlated significantly with perfor-
mance on all other cognitive tests at base-
line (r = 0.19–0.63; all P , 0.001) and at
follow-up (r = 0.26–0.65; all P, 0.001).
Individual cognitive test scores and g cor-
related strongly between baseline and
follow-up (Table 2). Mean scores declined
slightly but significantly (P , 0.001) for
all tests except Faces and LM, in which
scores improved (P , 0.001), and for
DSC (P = 0.150) (Table 2). Effect sizes
and significance levels were similar
when analyses were repeated using origi-
nal rather than imputed data (data not
shown).

At Bonferroni-corrected P = 0.006,
follow-up g was found to be significantly
lower in participants with a preexisting
cardiovascular event at baseline (b =
20.18; P , 0.001); for individual event
categories, findings were statistically sig-
nificant for angina (b =20.11; P = 0.002)
and stroke (b =20.16; P, 0.001). Lower
follow-up g also appeared to be associated
with measures of subclinical macrovascu-
lar disease, although only the association
with higher NT-proBNP reached statistical
significance at the Bonferroni-corrected
level (b = 20.10; P = 0.005) (Table 3).

In multivariate analyses adjusting for
baseline cognitive test scores or for MHVS
(and for vascular risk factors), the only

cardiovascular event category that re-
mained significantly associated with
lower g at follow-up was stroke (Table
3), suggesting that people with stroke ex-
perienced steeper cognitive decline com-
pared with stroke-free individuals. For
estimated lifetime cognitive change, the as-
sociation was statistically significant at the
Bonferroni-adjusted level of significance
(b = 20.12; P , 0.001) and persisted
after adjustment for cIMT (b = 20.10;
P = 0.001). In terms of individual test
scores, stroke appeared to affect predomi-
nantly processing speed (Supplementary
Tables).

All markers of subclinical macrovas-
cular disease were significantly associated
with 4-year decline in g, although the as-
sociation with ABI, which appeared to be
driven by processing speed (TMT-B: b =
20.08; P = 0.001; Supplementary Ta-
bles), only lost statistical significance at
the Bonferroni-adjusted level when vas-
cular risk factors were controlled for
(P = 0.009) (Table 3).

Further analyses of the individual
cognitive tests revealed statistically signif-
icant associations of NT-proBNP with
4-year decline in verbal fluency at
Bonferroni-corrected level (BVFT: b =
20.07; P = 0.001) (Supplementary Ta-
bles). Associations between increased
cIMT and 4-year decline in processing
speed (DSC: b = 20.08; P = 0.001) and
reasoning (MR: b = 20.08; P = 0.004)
appeared to be the main contributors to
the association with decline in g. All asso-
ciations of cIMT and NT-proBNP with g
and individual cognitive tests (except be-
tween cIMT andMR; P = 0.007) remained
statistically significant (P , 0.006) after

adjustment for vascular risk factors
(Table 3 and Supplementary Tables).
In post hoc analyses, the association of
cIMT with 4-year decline in g survived
the additional adjustment for MHVS
(b = 20.13; P = 0.001) as well as addi-
tion of stroke, ABI, and NT-proBNP into
the model (b = 20.12; P = 0.002). The
association of NT-proBNP with decline
in g lost statistical significance when
MHVS (P = 0.008) or when stroke,
ABI, and cIMT were controlled for (P =
0.055).

A similar pattern of associations was
found for the subclinical vascular markers
and MHVS-adjusted cognitive test per-
formance to signify estimated lifetime
cognitive change, although overall the
associations were weaker, such that only
the association with cIMT reached the
Bonferroni-adjusted level of statistical
significance (b = 20.09; P = 0.005). The
finding also became less significant when
stroke was additionally controlled for
(P = 0.011).

Only four subjects attending the year
4 follow-up had a diagnosis of dementia.
Effect sizes and P values changed only
marginally when analyses were repeated
with exclusion of these cases (data not
shown). Although there was a suggestion
that the prevalence of vascular events was
higher in all subjects with dementia, in-
cluding TIA (P = 0.046) and MI (P =
0.027), this group of subjects (n = 19)
was too small for further subgroup analysis.
Twenty-three participants experienced
conversion from normal functioning to
MCI during follow-up. One (4.3%)
had a history of TIA, three had stroke
or peripheral arterial disease (13.0%, re-
spectively), six (26.9%) had MI, 10
(43.5%) had angina, and 14 (60.9%)
had any CVD. Age- and sex-adjusted
analyses revealed increased prevalence
of any CVD (P = 0.039) and significantly
higher mean NT-proBNP levels (geomet-
ric mean: 131.1 pg/mL and 95% CI
81.1–211.7 vs. 74.07 pg/mL and 95%
CI 68.4–80.3; P = 0.021) in the "conver-
sion to MCI" group compared with the
remaining population. None of the re-
maining macrovascular predictors was
related to conversion to MCI (all P .
0.05).

CONCLUSIONSdIn this cohort of
initially cognitively healthy older people
with type 2 diabetes, markers of subclin-
ical macrovascular disease, including
higher circulating levels of the natriuretic
peptide NT-proBNP and increased cIMT

Table 2dBaseline and follow-up cognitive test performance of attenders

Correlation
coefficient*

Baseline mean6 SD
or median (IQR)

Follow-up mean6 SD
or median (IQR) P for difference†

MHVS 0.89 31.53 6 5.02 30.70 6 4.95 ,0.001
g 0.84 0.12 6 0.93 0.00 6 1.00 ,0.001
BVFT 0.81 37.83 6 12.53 36.83 6 12.75 ,0.001
DSC 0.74 50.52 6 14.30 50.01 6 14.12 0.150
TMT-B, sec 0.66 104 (81–139) 107 (83–144) ,0.001
MR 0.67 13.36 6 5.24 11.55 6 5.22 ,0.001
LNS 0.54 9.93 6 2.66 8.86 6 2.89 ,0.001
LM 0.63 25.85 6 7.97 27.27 6 8.26 ,0.001
Faces 0.61 66.41 6 7.63 69.25 6 8.38 ,0.001
MMSE 0.51 29 (28–30) 29 (28–30) 0.011

N = 810–825. IQR, interquartile range; LNS, Letter-Number Sequencing. *Two-tailed Pearson correlations of
baseline and follow-up cognitive scores (all P , 0.001). Data for the seven cognitive tests and g include
imputed values. At baseline, missing data were imputed for 39 participants. At follow-up, missing data were
imputed for 65 participants. †Between baseline and follow-up mean scores.
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as well as a history of stroke, were asso-
ciated with cognitive decline.

Stroke is a well-established risk factor
associated with cognitive dysfunction and
impairment (28), and also may contribute
to accelerated cognitive decline (29), al-
though the relationship in exclusively
diabetic populations has not been exten-
sively investigated. In the ET2DS, stroke
was associated with steeper cognitive de-
cline between peak premorbid ability,
which was estimated by vocabulary, and
late-life ability. Contrary to previous in-
vestigations in older adults with type 2
diabetes (30,31), stroke also appeared to
be associated with rate of actual late-life
cognitive decline over the 4-year follow-
up, although these associations were
weaker and less statistically significant,
suggesting that cognitive function deteri-
orates from prestroke to immediate post-
stroke levels, with preexisting stroke
having relatively lower impact on subse-
quent cognitive decline.

The associations of cognitive decline
with subclinical measures of macrovascu-
lar disease, including higher levels of NT-
proBNP, increased thickness of the cIMT,
and lower ankle brachial pressure (a
further measure of systemic atheroscle-
rotic disease as well as of lower limb
peripheral arterial disease) (32), appeared
slightly stronger for 4-year cognitive de-
cline compared with associations of these
vascular markers with estimated lifetime
cognitive decline. This pattern of results is
of interest because, in terms of identifying
elderly subjects at risk for subsequent
cognitive decline, information on a pa-
tient’s future decline may be more

valuable compared with information
that incorporates past decline. Higher na-
triuretic peptide levels as a marker of
cardiac stress previously have been asso-
ciated with low level of cognitive function
(33) and risk of future dementia (34).
However, to our knowledge, this was
the first prospective investigation of
NT-proBNP and cognitive decline in a
cognitively healthy population with
type 2 diabetes. In addition to associa-
tions with continuously measured de-
cline in ability, higher baseline peptide
levels also predicted increased risk of
conversion from normal cognitive func-
tioning to suspected MCI. Increased
cIMT has been shown to be a marker of
coexistent CVD, including cerebrovascu-
lar disease (35), and may indicate sys-
temic atherosclerosis as well as more
localized disease. Evidence for associa-
tions with cognitive decline is mixed
(36,37), however, and although our
finding of accelerated 4-year cognitive
decline in individuals with higher cIMT
is consistent with one previous study
performed in a nondiabetic population
(36), investigations of patients with
type 2 diabetes are lacking. For cIMT,
but not for NT-proBNP, associations in
the current study were unrelated to po-
tential effects of premorbid ability in late-
life cognitive decline and risk of late-life
subclinical vascular damage.

Contrary to previous investigations
performed in predominantly nondiabetic
populations (38,39), we found an associ-
ation between low ABI and steeper late-
life cognitive decline. Individuals exposed
to lifestyle-associated vascular risk, such

as cigarette smoking, hypertension, and
hypercholesterolemia, may develop sub-
clinical macrovascular disease, evident
in lower ABI, and also may experience
accelerated late-life cognitive decline.
However, the association of ABI with cog-
nitive decline was only partially depen-
dent on conventional cardiovascular risk
factors.

It is also possible that the ABI may
function as a vascular risk marker in a
slightly different manner in diabetic pop-
ulations because of effects of stiffened
arteries on the measurement of ankle
pressures (12), and this could contribute
to any disparity between findings for ABI
and cognitive decline in diabetic com-
pared with nondiabetic populations.

The assessment of links between vas-
cular disease and cognition is notoriously
difficult because of the interrelationships
between different vascular measures and
the problems associated with measuring
or estimating change in cognitive abilities
over appropriate time periods in relation
to the development of vascular disease
markers. This somewhat explains incon-
sistencies in the current literature on the
role of large and small vessel vascular
disease in the etiology of cognitive de-
cline. Compared with some previous
studies, the relatively large size, population-
based approach, and prospective design
are strengths of the current study. The
use of an exclusively diabetic older pop-
ulation and the measurement of a large
number of different but commonly used
markers of subclinical and clinical mac-
rovascular disease provides a unique con-
tribution to the existing literature that

Table 3dMacrovascular disease and generalized cognitive ability (g)

4-year cognitive change Estimated lifetime cognitive change

Age and
sex-adjusted b

b adjusted for age,
sex, and baseline score Fully adjusted b

b adjusted for
age, sex, and MHVS Fully adjusted b

Vascular events
Any vascular event (n = 393) 20.18 (,0.001) 20.09 (0.008) 20.09 (0.014) 20.06 (0.032) 20.07 (0.023)
Stroke (n = 62) 20.16 (,0.001) 20.07 (0.036) 20.07 (0.037) 20.12 (,0.001) 20.12 (,0.001)
TIA (n = 31) 20.04 (0.239) 20.05 (0.178) 20.05 (0.177) 20.02 (0.590) 20.02 (0.580)
MI (n = 150) 20.09 (0.014) 20.04 (0.293) 20.04 (0.278) 20.05 (0.112) 20.05 (0.096)
Angina (n = 298) 20.11 (0.002) 20.04 (0.237) 20.04 (0.294) 20.01 (0.752) 20.01 (0.626)
Peripheral arterial disease (n = 65) 20.06 (0.099) 20.02 (0.567) 20.01 (0.703) 20.03 (0.266) 20.03 (0.287)

Vascular markers
NT-proBNP 20.10 (0.005) 20.12 (0.001) 20.10 (0.005) 20.07 (0.013) 20.07 (0.017)
ABI 0.10 (0.007) 0.12 (0.001) 0.10 (0.009) 0.05 (0.062) 0.05 (0.130)
cIMT 20.09 (0.015) 20.15 (,0.001) 20.12 (0.001) 20.10 (0.002) 20.09 (0.005)

Outcome variable is follow-up g. b values are standardized regression coefficients. Values in parentheses are P values. Cognitive data include imputed values. N =
755–823. Final models additionally adjusted for baseline vascular risk factors (total cholesterol, brachial blood pressure, cigarette smoking).
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has neglected investigations in diabetes
patients despite increased prevalence of
macrovascular disease and cognitive im-
pairment (5,8,11). The general ability
factor is a universal empirical finding, a
robust measure of overall cognitive func-
tioning, and also the locus of much of the
age effects on cognition (1). A conserva-
tive Bonferroni correction was applied to
the cut-point for statistical significance;
results were discussed both in terms of
the corrected and the traditional cut-
point (P , 0.05) with the aim of offering
an overall interpretation of findings with
minimal risk of statistical error. Adjust-
ment for a vocabulary-based cognitive
test enabled estimation of long-term
change in ability, although the MHVS
only served as an estimate of peak pre-
morbid ability and caution is warranted
in the interpretation of this outcome.
Analyses of actual longitudinal change
in cognitive test scores were presumably
subject to some error. Practice effects and
selective attrition, which favor partici-
pants with slower rates of decline (40),
lead to underestimation of actual cogni-
tive decline in the population. Individu-
als with higher ability at baseline were
more likely to attend follow-up and over-
all 4-year cognitive decline for attenders
was small. Although we set out to
recruit a cognitively healthy population,
subsequent consideration of information
from a wide variety of sources revealed
that a very small number of subjects
were likely to have been experiencing de-
mentia at baseline. However, exclusion of
dementia cases from the analyses only
marginally changed the results reported
here.

Our results provide additional evi-
dence that the impact of vascular disease
on cognition may not be restricted to
localized cerebral small vessel disease or
altered blood flow and ischemic damage
as a consequence of stroke, and that
cognitive decline could reflect systemic
atherosclerotic changes. NT-proBNP and
cIMT both appear to function as bio-
markers of risk of late-life cognitive de-
cline, despite their strong associations
with subclinical macrovascular disease
in different areas of the vasculature (left
ventricle and carotid artery, respectively)
and may offer valuable information be-
yond traditional vascular risk factors.
Given that stroke was only weakly asso-
ciated with 4-year cognitive decline, and
that none of the remaining measures of
symptomatic macrovascular disease were
related to this outcome, determination of

subclinical macrovascular disease using
continuous measures may be preferable
over symptomatic categorically assessed
macrovascular disease for the early iden-
tification of individuals at risk for late-life
cognitive decline. However, it must be
recognized that the categorical nature of
"events" data compared with the contin-
uous distribution of the subclinical mea-
sures is likely to have influenced the
relative levels of statistical significance
for these variables. Ascertainment of sub-
clinical macrovascular diseasemay aid the
identification of not only individuals at
risk for future symptomatic macrovascu-
lar disease (and its cognitive consequen-
ces) but also those at risk for late-life
cognitive decline in absence of symptom-
atic disease. With the proximity of the ca-
rotid artery to the brain, cIMT could be
hypothesized to represent the most accu-
rate noninvasive marker of asymptomatic
cerebral vascular damage. Certainly, its
potential as a vascular risk marker seems
to exceed that of simply a risk factor for
stroke.

In conclusion, we have found confir-
matory evidence of a link between stroke
and cognitive decline in people with type
2 diabetes but, more importantly, we have
identified associations between a number
of different measures of subclinical mac-
rovascular disease and late-life cognitive
change. Further studies are warranted to
determine whether these markers could
be useful clinical measures as risk predic-
tors for cognitive impairment and sub-
sequent targeting of interventions aimed
at reducing cognitive decline.
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