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Effects of vascular risk factors and APOE
e4 on white matter integrity and cognitive
decline

ABSTRACT

Objective: To investigate the effects of vascular risk factors and APOE status on white matter
microstructure, and subsequent cognitive decline among older people.

Methods: This study included 241 participants (age 60 years and older) from the population-
based Swedish National Study on Aging and Care in Kungsholmen in central Stockholm, Sweden,
who were free of dementia and stroke at baseline (2001–2004). We collected data through
interviews, clinical examinations, and laboratory tests. We measured fractional anisotropy (FA)
and mean diffusivity (MD) on diffusion tensor imaging, and estimated volume of white matter
hyperintensities using automatic segmentation. We assessed global cognitive function with the
Mini-Mental State Examination at baseline and at 3- and/or 6-year follow-up. We analyzed the
data using multivariate linear regression and linear mixed models.

Results: Heavy alcohol consumption, hypertension, and diabetes were significantly associated
with lower FA or higher MD (p , 0.05). When aggregating heavy alcohol consumption, hyperten-
sion, and diabetes together with current smoking, having an increasing number of these 4 factors
concurrently was associated with decreasing FA and increasing MD (ptrend , 0.01), independent
of white matter hyperintensities. Vascular risk factors and APOE e4 allele interacted to negatively
affect white matter microstructure; having multiple ($2) vascular factors was particularly detri-
mental to white matter integrity among APOE e4 carriers. Lower tertile of FA and upper tertile of
MD were significantly associated with faster Mini-Mental State Examination decline.

Conclusions: Vascular risk factors are associated with reduced white matter integrity among
older adults, which subsequently predicted faster cognitive decline. The detrimental effects of
vascular risk factors on white matter microstructure were exacerbated among APOE e4
carriers. Neurology® 2015;84:1128–1135

GLOSSARY
DTI5 diffusion tensor imaging; FA 5 fractional anisotropy;MD 5mean diffusivity;MMSE 5Mini-Mental State Examination;
SNAC-K 5 Swedish National Study on Aging and Care in Kungsholmen; WMH 5 white matter hyperintensity.

Population-based studies have linked some individual vascular risk factors (e.g., hypertension
and diabetes) to reduced microstructural white matter integrity.1–3 However, few studies have
explored the relationship of clustering vascular risk factors to white matter microstructure. This
is important because vascular factors often occur concurrently in older people. Moreover, as
white matter hyperintensities (WMH) and reduced white matter microstructure may share a
common ischemic origin, it is of interest to explore whether associations between vascular risk
factors and lower microstructural white matter integrity are independent of WMH.

Vascular risk factors contribute to cognitive decline in aging, but the mechanisms are poorly
understood.4 One possibility is that vascular risk factors may cause cognitive decline by confer-
ring detrimental impact on white matter microstructure. Indeed, population-based studies have
reported a cross-sectional association between microstructural white matter deterioration and
cognitive deficits,5,6 but evidence from longitudinal studies is scarce. In addition, APOE e4 allele
exacerbates cognitive decline associated with vascular risk factors, possibly by affecting the extent
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to which vascular factors influence white
matter integrity.7–9 However, no previous
research has examined the interactive effect
of APOE e4 and vascular factors on white mat-
ter microstructure.

We therefore hypothesize that vascular risk
factors influence cognitive function by reducing
microstructural white matter integrity, in which
APOE e4 may reinforce the effect. We tested
this hypothesis using data from a population-
based longitudinal study. Specifically, we inves-
tigated whether (1) individual and aggregated
vascular risk factors are associated with reduced
microstructural white matter integrity, consider-
ing demographics, APOE genotype, andWMH,
and (2) reduced white matter integrity is associ-
ated with exacerbated cognitive decline.

METHODS Study population. The study sample was from

the population-based Swedish National Study on Aging and

Care in Kungsholmen (SNAC-K), as described in detail

elsewhere.10,11 Briefly, the SNAC-K population consisted of an

age-stratified random sample of people who were aged 60 years

and older, living at home or in institutions in the Kungsholmen

district of Stockholm. The sample included 4 younger age groups,

with a 6-year interval (60, 66, 72, and 78 years) and 7 older age

groups, with a 3-year interval (81, 84, 87, 90, 93, 96, and 991

years). Of the 4,590 persons who were eligible to participate in

SNAC-K, 1,227 declined, and 3,363 (73.3%) undertook

examination for SNAC-K at baseline (March 2001 to June

2004). During September 2001 to October 2003, we invited

participants who were nondisabled, noninstitutionalized, and

without dementia to undertake a structural MRI scan (n 5

2,204); 555 participants underwent the scan.11 This study

included 263 subjects who had the same diffusion tensor

imaging (DTI) sequence,12 and a baseline Mini-Mental State

Examination (MMSE) score .24. We performed follow-up

examinations at 3 years (2004–2007), 6 years (2007–2010), or

both. Figure e-1 on the Neurology® Web site at Neurology.org

shows a flowchart of the study.

Standard protocol approvals, registrations, and patient
consents. The Regional Ethical Review Board and the Central

Ethical Review Board in Stockholm, Sweden, approved the pro-

tocols for data collection at baseline and follow-ups.11 All partic-

ipants provided written informed consent.

MRI measurements. Participants underwent MRI scans on a

1.5T system (Philips Intera; Philips Medical Systems, Best, the

Netherlands) at baseline.11 We acquired DTI data using a

single-shot diffusion-weighted echoplanar imaging sequence

with the following parameters: repetition time 5 6,838

milliseconds; field of view 5 230 3 138 mm2; echo time 5

104 milliseconds; 128 3 77 matrix; slice thickness 5 5 mm

with 1-mm gap; b value 5 600 s/mm2.12 We applied a scheme

with 6 noncollinear diffusion-weighted gradient directions to

determine the diffusion tensor set.12

We analyzed DTI data using an iterative optimization algo-

rithm, as previously reported.12,13 Briefly, we processed the frac-

tional anisotropy (FA) data using tract-based spatial statistics, and

mean diffusivity (MD), axial diffusivity, and radial diffusivity

based on the processing results of FA images.12–14 We used masks

of 7 tracts of interest in each hemisphere to extract mean FA,

MD, axial diffusivity, and radial diffusivity from the skeleton

image of each individual, including the cingulate gyrus part

of cingulum, the portion of the cingulum that extends to

the hippocampus, the corticospinal tract, the forceps major, the

forceps minor, the inferior fronto-occipital fasciculus, and the

superior longitudinal fasciculus.12–14 These are major tracts that

can be assessed with high reliability.12,13

We first estimated global WMH volume using the Lesion

Segmentation Toolbox in the Statistical Parametric Mapping 8

software. Then, we visually scrutinized and manually corrected

the volume for greater volumetric precision in MRIcroN.11 The

correlation coefficient of repeated assessments of WMH volume

for 10 randomly selected images after 1 month was 0.99.

We corrected WMH volume using total intracranial volume,4

and then, we made a log-transformation because of skewed

distribution.

Baseline data collection. At baseline, we collected data on age,

sex, education, lifestyles (e.g., smoking, alcohol consumption),

medical history (e.g., hypertension, diabetes), and current use

of medications (e.g., antihypertensive drugs) through interviews

by nurses and physicians.10,11 We categorized educational level

into elementary school, high school, or university.10

We recorded smoking status as never, former, or current

smoking.11 We assessed and classified alcohol consumption into

no or occasional, light to moderate, or heavy drinking.11 We

categorized physical activity into inactivity or health-/fitness-

enhancing activities.10 We defined obesity as a body mass index

$30 kg/m2,11 hypertension as blood pressure $140/90 mm Hg

or current use of antihypertensive agents,15 diabetes as having a

self-reported history of diabetes, records in the inpatient register,

use of hypoglycemic agents, or hemoglobin A1c$6.5%,16,17 and

high cholesterol as nonfasting total cholesterol$6.22 mmol/L or

use of cholesterol-lowering agents, and borderline high choles-

terol as total cholesterol 5.18 to 6.21 mmol/L and no use of

cholesterol-lowering agents.18 We categorized the APOE gene as

carriers or noncarriers of the e4 allele.

Assessment of global cognitive function at baseline and
follow-ups. We assessed global cognitive functioning with the

MMSE at baseline (2001–2004) for all participants, at 3-year

(2004–2007) and 6-year (2007–2010) follow-ups for participants

aged 78 years and older, and at 6-year follow-up (2007–2010) for

those aged 60 to 72 years at baseline (figure e-1).

Statistical analysis. We compared characteristics of participants

by APOE e4 status using t tests for continuous variables with
normal distribution and x2 tests for categorical variables. We used

confirmatory factor analysis to extract scores for global mean FA

and MD, respectively, from the 7 regions of interest in both

hemispheres.12,19 The FA and MD factor scores were multiplied

by 100 in the regression analyses. We performed multivariate

linear regressions to estimate b coefficients and 95% confidence

interval of FA andMD scores associated with APOE e4 allele, and
with individual and aggregated vascular factors. We assessed the

clustering of vascular risk factors by counting those factors that

were associated with lower FA, higher MD, or both in multivar-

iate linear regression models. Here, we adopted a liberal statistical

threshold (p, 0.10) for inclusion of variables in order to not miss

any potential risk factors for reduced white matter integrity. In

the initial analysis, we controlled for age, sex, education, APOE
e4, and all examined vascular factors. In further analysis, we also

controlled for WMH volume to explore whether the relationship

of vascular risk factors to FA and MD was dependent on WMH
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load. We tested multiplicative interactions by simultaneously

including the 2 independent variables and their cross-product

term in the same model. We used linear mixed-effect models to

estimate the associations of global FA and MD scores to changes

in MMSE over the follow-up periods, taking into account the

effect of random intercept and random slope.20 We included

FA/MD, time (i.e., follow-up time in years from the date of

baseline survey to the date of follow-up), covariates, and an

interaction term of FA/MD 3 time. The coefficient for time

represents the average annual rate of change in MMSE score,

and the coefficient for the interaction term estimates the

difference in average annual rate of MMSE change associated

with the difference in FA/MD score. Finally, in additional

analyses, we assessed the associations of axial diffusivity and

radial diffusivity with vascular risk factors and MMSE decline.

SAS 9.3 (SAS Institute Inc., Cary, NC) and Stata 12.0 (StataCorp

2011; StataCorp LP, College Station, TX) for Windows were

used for all statistical analyses.

RESULTS Compared with the remainder of the
SNAC-K sample (n 5 3,122), the analytical sample

was younger (mean age 72.0 vs 74.5 years, p, 0.01)

and had achieved a higher educational level (for

university, 38.6% vs 32.3%, p 5 0.02), but did

not differ in sex distribution (p 5 0.54).
APOE e4 carriers had larger WMH volume than

noncarriers (p 5 0.03), but carriers and noncarriers

did not differ in mean age, FA and MD, total brain

tissue volume, or in the distribution of sex, education,

smoking, alcohol consumption, physical inactivity,

obesity, hypertension, high cholesterol, or diabetes

(all p . 0.05) (table 1).
The proportions of common variance of regional

DTI measurements accounted for by the global latent

Table 1 Characteristics of the study participants at baseline (n 5 241)

Characteristic Total sample

APOE e4 allele

p ValueNo Yes

No. of subjects 241 168 73

Age, y, mean (SD) 72.0 (9.0) 72.1 (9.1) 71.7 (8.9) 0.78

Women, n (%) 152 (63.1) 103 (61.3) 49 (67.1) 0.39

Education, y, n (%)

Elementary or middle school 29 (12.0) 21 (12.5) 8 (11.0)

High school 119 (49.4) 85 (50.6) 34 (46.5)

University or higher 93 (38.6) 62 (36.9) 31 (42.5) 0.71

Smoking status, n (%)

Never 113 (46.9) 77 (45.8) 36 (49.3)

Former 99 (41.1) 69 (41.1) 30 (41.1)

Current 29 (12.0) 22 (13.1) 7 (9.6) 0.72

Alcohol consumption, n (%)

Never 60 (24.9) 40 (23.8) 20 (27.4)

Light to moderate 135 (56.0) 96 (57.1) 39 (53.4)

Heavy 46 (19.1) 32 (19.1) 14 (19.2) 0.82

Physical inactivity, n (%)

No 190 (78.8) 132 (78.6) 58 (79.5)

Yes 51 (21.2) 36 (21.4) 15 (20.6) 0.88

Total cholesterol, n (%)

Normal 22 (9.1) 18 (10.7) 4 (5.5)

Borderline high 82 (34.0) 61 (36.3) 21 (28.8)

High 137 (56.9) 89 (53.0) 48 (65.8) 0.15

Obesity, n (%) 33 (13.7) 26 (15.5) 7 (9.6) 0.22

Hypertension, n (%) 172 (71.4) 124 (73.8) 48 (65.8) 0.20

Diabetes, n (%) 23 (9.5) 16 (9.5) 7 (9.6) 0.44

Global score of fractional anisotropy, mean (SD) 0.56 (0.03) 0.56 (0.03) 0.56 (0.03) 0.87

Global score of mean diffusivity, mean (SD) 0.93 (0.05) 0.93 (0.05) 0.93 (0.05) 0.64

Global WMH volume, mL, mean (SD) 10.2 (13.5) 8.9 (11.3) 13.1 (17.4) 0.03

Intracranial volume, mL, mean (SD) 1,447.1 (136.8) 1,443.7 (133.9) 1,454.9 (144.0) 0.56

Abbreviation: WMH 5 white matter hyperintensity.
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factor were 63.7% for FA and 68.6% for MD. In the
multivariate model that included age, sex, education,
APOE e4, and all targeted vascular factors, heavy alco-
hol consumption and hypertension were significantly
associated with lower FA, whereas current smoking
was associated with lower FA, albeit nonsignificantly
(table 2, model 1). When further controlling for
WMH volume, the associations of FA with current
smoking and heavy alcohol drinking were slightly
attenuated, whereas the association with hypertension
was substantially reduced and became nonsignificant
(table 2, model 2). Diabetes was not significantly
associated with FA.

Heavy alcohol drinking, hypertension, and diabe-
tes were significantly associated with higher MD
(table 2, model 1); after further controlling for
WMH volume, these associations remained signifi-
cant for hypertension and diabetes, and there was a
tendency toward significance for the association with
heavy alcohol consumption (table 2, model 2). Smok-
ing was not associated with MD. Physical inactivity,
high cholesterol, obesity, and APOE status were not
associated with FA or MD.

When aggregating current smoking, heavy alcohol
consumption, hypertension, and diabetes, having
1 and having 2 or more of these factors, in compari-
son with having none, were significantly associated
with lower FA and higher MD, even after controlling
for multiple factors including WMH volume
(ptrend , 0.01) (table 3, models 1 and 2).

There was a significant interaction between APOE
e4 and the presence of multiple ($2) vascular factors
for MD (pinteraction 5 0.02), and the p value of this
interaction was 0.07 for FA. Further analysis stratified
by APOE e4 indicated that, among e4 carriers, having
1 of these 4 vascular factors, especially having multi-
ple vascular factors, was significantly associated with
lower FA and higher MD, even in the fully adjusted
model (figure 1, model 2). By contrast, among e4
noncarriers, when further controlling for WMH vol-
ume, the associations of having multiple vascular fac-
tors with FA or MD were reduced and became
nonsignificant.

The mean follow-up period was 4.98 years (range,
2.25–6.88 years). Figure 2 shows the predictive
trajectory of MMSE score by baseline tertiles of FA

Table 2 Associations of global scores of fractional anisotropy and mean diffusivity with vascular risk factors and APOE e4 status

Vascular risk factors and APOE e4

b Coefficient (95% CI)a

Fractional anisotropy Mean diffusivity

Model 1b Model 2b Model 1b Model 2b

Smoking status

Never Reference Reference Reference Reference

Former 20.43 (21.06, 0.21) 20.46 (21.07, 0.15) 0.21 (20.79, 1.20) 0.25 (20.70, 1.21)

Current 20.86 (21.83, 0.12)c 20.81 (21.75, 0.14)c 0.12 (21.42, 1.65) 0.04 (21.45, 1.52)

Alcohol intake

Never/casually Reference Reference Reference Reference

Light to moderate 20.55 (21.30, 0.20) 20.53 (21.25, 0.20) 0.93 (20.24, 2.11) 0.89 (20.24, 2.03)

Heavy 21.05 (21.94, 20.16)d 20.96 (21.83, 20.10)d 1.42 (0.02, 2.81)d 1.28 (20.07, 2.64)c

Total cholesterol

Normal Reference Reference Reference Reference

Borderline high 20.89 (21.95, 0.19) 20.64 (21.69, 0.40) 0.01 (20.01, 0.03) 0.01 (20.01, 0.02)

High 0.09 (20.95, 1.12) 0.24 (20.77, 1.25) 0.00 (20.02, 0.01) 0.00 (20.02, 0.01)

Physical inactivity 0.43 (20.30, 1.16) 0.32 (20.39, 1.04) 20.52 (21.66, 0.63) 20.35 (21.46, 0.76)

Obesity 20.40 (21.25, 0.45) 20.55 (21.38, 0.28) 20.14 (21.47, 1.19) 0.10 (21.19, 1.40)

Hypertension 20.91 (21.63, 20.18)d 20.57 (21.29, 0.15) 1.89 (0.76, 3.03)e 1.37 (0.24, 2.50)d

Diabetes 20.44 (21.42, 0.55) 20.42 (21.37, 0.54) 1.80 (0.26, 3.33)d 1.76 (0.27, 3.25)d

APOE e4 allele 20.12 (20.75, 0.50) 0.08 (20.53, 0.70) 0.64 (20.34, 1.62) 0.32 (20.64, 1.28)

Abbreviation: CI 5 confidence interval.
a The scores of fractional anisotropy and mean diffusivity were multiplied by 100 in the analysis.
bb coefficient (95% CI) in model 1 was controlled for age, sex, education, APOE e4 allele, and all vascular risk factors in the table; in model 2, white matter
hyperintensities were also controlled for.
c 0.05 , p , 0.10.
d0.01 , p , 0.05.
ep , 0.01.
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and MD, adjusting for demographics, APOE e4, and
WMH volume. For FA, compared with the bottom
tertile, the multiadjusted b coefficients for the annual
rate of change in MMSE in relation to the median
and top tertiles were 0.11 (95% confidence interval:
20.07, 0.29) and 0.29 (0.10, 0.47), respectively
(ptrend , 0.01). Likewise, the multiadjusted b coef-
ficients of the annual rate of change in MMSE
associated with the median and top tertiles of MD
score relative to the bottom tertile were 20.17
(20.35, 0.00) and 20.40 (20.57, 20.22), respec-
tively (ptrend, 0.01). When we analyzed FA andMD
as continuous variables, the multiadjusted b coeffi-
cients of annual change in MMSE score over time
were 5.21 (2.58, 7.85) for FA and 23.94 (25.46,
22.43) for MD.

Additional analyses.We further investigated the associ-
ation of vascular risk factors with other nonfractional
measures of diffusivity (i.e., axial and radial diffusiv-
ity), and subsequent cognitive decline. Diabetes was
significantly associated with higher axial diffusivity,
while there was a tendency toward a significant asso-
ciation of hypertension with increased axial diffusiv-
ity, even in the model that included WMH volume
(table e-1). Similarly, heavy alcohol drinking and
hypertension were significantly associated with higher
radial diffusivity, while there was a tendency toward a
significant association between diabetes and increased
radial diffusivity. When aggregating hypertension,
diabetes, current smoking, and heavy alcohol con-
sumption, there was a significant linear trend of asso-
ciation, such that having more of these factors was
significantly associated with higher axial diffusivity
and higher radial diffusivity (ptrend , 0.05), although
the strength of associations was reduced and the linear
trend became nonsignificant for axial diffusivity

(ptrend 5 0.08) when additionally adjusting for
WMH (table e-1). Compared with the bottom tertile,
the top tertiles of axial diffusivity and radial diffusivity
were significantly associated with faster MMSE
decline: the multiadjusted b coefficients were
20.37 (20.55, 20.19) and 20.41 (20.58,
20.23), respectively (figure e-2).

DISCUSSION The main findings of this community-
based longitudinal study of older Swedish adults
were as follows: (1) current smoking, heavy alcohol
consumption, hypertension, and diabetes, especially
when occurring concurrently, were associated with
reduced microstructural white matter integrity,
independent of WMH; (2) the association between
aggregated vascular risk factors and lower white matter
integrity was most pronounced in APOE e4 carriers;
and (3) reduced white matter integrity was linked to
exacerbated global cognitive decline.

Consistent with our findings, other population-
based studies of middle-aged and older adults have re-
ported associations of hypertension, diabetes, and
current smoking with lower white matter integ-
rity.2,3,21 Our data extend past research, showing that
current smoking, hypertension, and diabetes were
associated with reduced white matter integrity, even
after adjusting for WMH. In addition, we found that
heavy alcohol consumption was associated with
reduced white matter integrity. Moreover, the detri-
mental effects of multiple vascular risk factors on
white matter microstructure appeared to be cumula-
tive. In additional analyses, we observed that these
vascular risk factors were also associated with
increased axial and radial diffusivity, which reinforced
the link between vascular risk factors and white
matter integrity. Altogether, our data revealed that
vascular risk factors, especially when occurring

Table 3 Associations of global scores of fractional anisotropy and mean diffusivity with a cluster of vascular
risk factors

No. of vascular
risk factorsa

b Coefficient (95% CI)b

Fractional anisotropy Mean diffusivity

Model 1c Model 2c Model 1c Model 2c

0 (n 5 49) Reference Reference Reference Reference

1 (n 5 141) 21.06 (21.88, 20.23)d 20.81 (21.62, 20.01)d 2.09 (0.80, 3.39)e 1.71 (0.45, 2.97)e

‡2 (n 5 66) 21.69 (22.61, 20.78)e 21.35 (22.25, 20.45)e 2.83 (1.39, 4.27)e 2.29 (0.88, 3.71)e

ptrend ,0.001 ,0.001 ,0.001 ,0.001

Abbreviation: CI 5 confidence interval.
a Vascular risk factors included current smoking, heavy alcohol consumption, hypertension, and diabetes.
b The scores of fractional anisotropy and mean diffusivity were multiplied by 100 in the analysis.
cModel 1 controlled for age, sex, education, APOE e4 allele, obesity, physical inactivity, and high cholesterol; model 2
additionally controlled for white matter hyperintensities.
dp , 0.05.
ep , 0.01.
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concurrently, were associated with a decrease in FA
and an increase in MD, radial diffusivity, and axial
diffusivity. Based on a previous study,22 the observed
pattern of diffusivity measures in our study might
indicate an age-related chronic white matter degener-
ation, such as loss of myelin and axons. We addition-
ally found that this pattern could be a function of
vascular risk factors. This supports the notion that
interventions targeting multiple modifiable vascular
risk factors may be particularly effective in slowing
the process of white matter deterioration in aging,
which in turn may postpone the onset of cognitive
dysfunction and dementia.

APOE e4 allele has been associated with reduced
integrity of microstructural white matter in specific
brain regions, but few studies investigated the associ-
ation between APOE status and global white matter

integrity.23 A recent study of people aged 55 years and
older found no effect of APOE e4 allele on global
microstructural white matter integrity,24 consistent
with our finding. However, our study revealed an
interactive effect between APOE e4 and vascular risk
factors on the DTI indices, suggesting that APOE e4
may exacerbate the deleterious effect of vascular fac-
tors on chronic white matter degeneration.

A hospital-based study of patients with mild cog-
nitive impairment suggested that deficits in micro-
structural white matter integrity predicted cognitive
decline.25 Our population-based study revealed that
reduced microstructural white matter integrity was
also predictive of subsequent cognitive decline, inde-
pendent of WMH load. Although previous research
has suggested that reduced microstructural white
matter integrity in aging is largely explained by
WMH,26 our data indicated that the association
between reduced white matter integrity and cognitive
decline could not be accounted for by global WMH
load. This may reflect potential effects of brain lesions
that are not visible on conventional MRI, such as
microinfarcts.5,27 That said, the link between reduced
white matter integrity and cognitive decline suggests
that DTI-derived white matter indices may be
more sensitive in detecting subtle cognitive changes
than WMH. This might be particularly true in
population-based studies targeting older adults
from the general community such as SNAC-K, where
most participants exhibit WMH.12 Furthermore, this
finding is consistent with emerging evidence that
microstructural white matter changes may serve as a
potential marker for early Alzheimer-related brain
changes.28,29

The mechanisms underlying the association
between vascular risk factors and white matter dam-
age are not fully understood. It is possible that vascu-
lar dysautoregulation related to vascular factors such
as smoking, hypertension, and diabetes can cause
transient reductions in blood flow to white matter
watershed areas of vascular supply, which in turn re-
sults in transient hyporemia, hypoxemia, and subtle
myelin injury.22,30,31 We found an interaction
between APOE e4 and vascular risk factors that
affected white matter microstructure. ApoE has a
major role in transporting lipid components that con-
tribute to building up the myelin sheath. Vascular
risk factors, such as long-lasting hypertension, may
lead to ischemia in white matter tissue,32 and the
APOE e4 allele is associated with impaired response
to cerebral damage.33 Thus, reduced white matter
integrity caused by vascular risk factors is likely to
be more severe among APOE e4 carriers than in
noncarriers.

Strengths of this study include a relatively large
sample of community-dwelling older adults with data

Figure 1 b Coefficient (95% CI) of FA (A) and MD (B) related to a cluster of
vascular risk factors by APOE e4 status

*The scores of FA and MD were multiplied by 100 in the analysis. Vascular risk factors
included current smoking, heavy alcohol consumption, hypertension, and diabetes. Model
1 was adjusted for age, sex, education, obesity, high cholesterol, and physical inactivity;
model 2 was additionally adjusted for white matter hyperintensities. CI 5 confidence inter-
val; FA 5 fractional anisotropy; MD 5 mean diffusivity; Ref. 5 reference.
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on extensive vascular factors, DTI indices, and
WMH, as well as a longitudinal assessment of cogni-
tive performance. However, there are limitations to
note. First, the study sample was healthier than the
general older population, which may lead to weaker
associations among vascular factors, DTI indices,
and cognitive function. Second, the suboptimal qual-
ity of the images may have resulted in partial-volume
effects (gray/white mixture) for large and anisotropic
voxels, which could not be completely accounted for
by tract-based spatial statistics.12 In addition, lack of
free-water elimination may cause measurement bias
in our study.34 Finally, although the global factor
scores for FA and MD accounted for more than
60% of the common variance of regional DTI meas-
urements, some specific associations with regional
tracts that are related to vascular risk factors, APOE
status, or cognitive decline may still be missed.

This population-based DTI study provides evi-
dence suggesting that current smoking, heavy alcohol
consumption, hypertension, and diabetes are associ-
ated with reduced white matter integrity in old age,

independent of WMH load. The effects were exacer-
bated by the aggregation of vascular risk factors and
further reinforced by the APOE e4 allele. Deficits in
white matter integrity were linked to global cognitive
decline. These results suggest that both vascular
mechanisms and genetic susceptibility are involved
in microstructural white matter degradation and cog-
nitive decline in aging.
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