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Abstract
Objective
To investigate whether cardiometabolic factors were associated with age-related differences in
cortical thickness in relation to sex.

Methods
In this cross-sectional study, we enrolled 1,322 cognitively normal elderly (≥65 years old)
individuals (774 [58.5%] men, 548 [41.5%] women). We measured cortical thickness using
a surface-based analysis. We analyzed the associations of cardiometabolic risk factors with
cortical thickness using multivariate linear regression models after adjusting for possible con-
founders and interactions with age.

Result
Among women, hypertension (β = −1.119 to −0.024, p < 0.05) and diabetes mellitus (β =
−0.920, p = 0.03) were independently associated with lower mean cortical thickness. In ad-
dition, there was an interaction effect between obesity (body mass index [BMI] ≥27.5 kg/m2)
and age on cortical thickness in women (β = −0.324 to −0.010, p < 0.05), suggesting that age-
related differences in cortical thickness were more prominent in obese women compared to
women with normal weight. Moreover, low education level (<6 years) was correlated with
lower mean cortical thickness (β = −0.053 to −0.046, p < 0.05). Conversely, among men, only
being underweight (BMI ≤18.5 kg/m2, β = −2.656 to −0.073, p < 0.05) was associated with
lower cortical thickness.

Conclusions
Our findings suggest that cortical thickness is more vulnerable to cardiometabolic risk factors in
women than in men. Therefore, sex-specific prevention strategies may be needed to protect
against accelerated brain aging.
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Cardiometabolic risk factors such as hypertension (HTN),
diabetes mellitus (DM), and obesity are among the most
important environmental risk factors for dementia.1,2 There is
increasing evidence that cardiometabolic risk factors are re-
lated to cortical atrophy, a potential predictor of cognitive
impairment,3 even in individuals without dementia.4,5 HTN
has been shown to be associated with cortical thinning, in
particular in the frontal and temporal cortices.6 A recent study
has linked DM and obesity to cortical thinning in several areas
important in Alzheimer disease (AD), including temporal and
parietal regions.7,8

Neuroimaging studies have suggested that aging prominently
affects cortical thickness in cognitively normal individuals.9–11

We recently published a study demonstrating the trajectories
of age-related cortical atrophy, which are referred to as brain
aging.12 We also found that there were distinct trajectories of
brain aging by sex differences.12 Furthermore, previous
studies have shown that HTN and DM divergently affect
development of dementia by sex.13,14 Specifically, it has been
suggested that the effects of HTN or DM on the development
of dementia are stronger in women than in men.13,14 In ad-
dition, the effects of low education, one of the risk factors for
dementia, on cortical thickness might be modified by sex
because women tend to have limited access to education
compared with men, especially in Asia.15,16

Thus, the objective of our study was to determine the in-
fluence of cardiometabolic risk factors on lower cortical
thickness in relation to sex-specific differences in the cogni-
tively normal elderly. We hypothesized that cortical thickness
in women would be more vulnerable to cardiometabolic risk
factors than that in men in terms of brain aging.

Methods
Study participants
In this cross-sectional study, we recruited men and women
≥65 years of age from the Health Promotion Center of the
Samsung Medical Center (Seoul, Korea) who were offered
a medical health screening from September 1, 2008, to De-
cember 31, 2014. We performed this screening on a total of
1,568 participants, which included an assessment of their
cognitive function. As part of the evaluation, high-resolution
3.0T MRI was used to capture 3D volumetric images of all
participants. The procedures used for our participants have
been detailed in a previous study.17We excluded the following
conditions in our study: incomplete or irretrievable in-
formation on education level, cardiometabolic risk factors, or
Mini-Mental State Examination score (84 participants); sig-
nificant cognitive dysfunction defined as Mini-Mental State

Examination score below the 16th percentile using age-, sex-,
and education-matched norms (63 participants); and in-
conclusive neuroimaging analyses of cortical thickness due to
movement of the head, obscure MRI images, cerebral ab-
normalities other than stroke, and placement not conforming
to a standardized stereotaxic space (99 participants). Finally,
1,322 people ≥65 years of age (774 men and 548 women)
were included in this study.

Standard protocol approvals, registrations,
and patient consents
The Institutional Review Board of the Samsung Medical
Center approved this study. All methods conformed to the
approved guidelines. Participants’ consent was waived by the
board because only retrospective data were collected during
each visit.

Measurement variables
Medical assessments were conducted by medically trained
health professionals using standard protocols. Baseline
investigations were obtained, which included the following;
blood test (complete blood cell count, basic chemistry, co-
agulation test, thyroid function test, tumor markers), urine
analysis, chest x-ray, ECG, esophagogastroduodenoscopy,
abdominal ultrasound, and pulmonary function test.

We identified the cardiometabolic risk factors as follows:
HTN (defined as medical history of HTN or currently taking
any antihypertensive drugs) and DM (defined as a history of
DM or currently taking insulin or oral antidiabetic medi-
cations). Body mass index (BMI) was calculated as weight (in
kilograms) divided by height (in meters) squared at the first
visit. According to the previous study,18 participants with low
BMI (BMI ≤18.5 kg/m2) were labeled as underweight, those
with severe obesity (BMI ≥ 27.5 kg/m2) were labeled as
obese, and all others (normal weight, overweight, and mild
obesity) were considered the reference group. To evaluate the
level of education, we inquired about participants’ formal
education in detail, including whether they had completed
each education level and the total duration of education. We
defined low education level as having <6 years of elementary
schooling. We further evaluated whether stroke (defined as a
history of stroke) and ischemic heart disease (IHD, defined
as a history of coronary heart disease) modified cortical
thickness.

Measurement of cortical thickness in
brain MRI
We have described the process of cortical thickness mea-
surement in a previous study.12 An Achieva 3.0TMRI scanner
(Philips, Best, the Netherlands) was applied to obtain 3D T1
turbo field echo MRI data. Details of the parameters are as
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follows: sagittal slice thickness 1.0 mm with 50% overlap; no
gap; repetition time 9.9 milliseconds; echo time 4.6 milli-
seconds; flip angle 8°; and matrix size 240 × 240 pixels
reconstructed to 480 × 480 over a field of view of 240mm.12 To
measure cortical thickness, T1-weighted MRIs were automat-
ically analyzed with the standardMontreal Neurologic Institute
image processing software (CIVET). Raw data of the MRI
images were first registered into a standardized stereotaxic
space with the aid of an affine transformation.19 We rectified
nonuniformity artifacts using the N3 algorithm. Gray matter,
white matter, CSF, and background were identified in the
registered and corrected volumes with an artificial neural net
classifier.20 The inner and outer surfaces of each cortex were
outlined by deforming a spherical network of the gray/white
boundary of each hemisphere with the Constrained Laplacian-
Based Automated Segmentation With Proximities algorithm.21

Cortical thickness was measured as the euclidean distance
drawn between the linked vertices of both the inner and outer
surfaces. This was done by using an inverse transformation
matrix to cortical surfaces and rebuilding them in the native
space.21,22 An unbiased iterative group template was used to
analyze the cortical thickness by matching the folding patterns
of the sulci. Surface-based registration was later applied, which
required sphere-to-sphere warping for comparison of the
thickness of each corresponding area.23 Global and regional
analyses involving the frontal, temporal, parietal, and occipital
lobes were performed with the SUMA program.22,24

Statistical analysis
We performed statistical analyses in men and women sepa-
rately. Data analysis was conducted in the following stages.
First, the relationships between each independent variable
and thickness of the cortices were analyzed with univariate
linear regression models. The dependent variable was cortical
thickness, and the independent variables were age, education
(≥6 years, <6 years as the reference group), HTN, DM, IHD,
stroke, and BMI category (underweight, reference group and
severe obesity). Second, to investigate the interaction effect
between each independent variable and age, a 2-way in-
teraction model with main effect of an independent variable,
age, and their interaction effect was analyzed. Third, multi-
variate linear regression analyses were performed to test the
association between predictor variables and cortical thickness
with adjustment for confounding effects on each other. For
this analysis, we selected the main effect with a value of p <
0.05 from the first stage. Then, we put the main effect and
interaction effect of the variable in the multivariate linear
regression model together if the interaction effect of an in-
dependent variable with age was significant from the 2-way
model. Finally, we estimated lower global cortical thickness
(percent) related to each risk factor at a specific age. We did
this by estimating the change in global cortical thickness per
year of age using a multiple linear regression model.

For cortical thickness analyses of MRI data, we applied the
SurfStat toolbox for Matlab (MathWorks, Inc, Natick, MA).25

SAS version 9.4 (SAS Institute Inc, Cary, NC) was used, and
2-sided values of p< 0.05were regarded as significant in our study.

Data availability
Anonymized and statistical information of all the participants
was made available to and shared only among qualified
investigators.

Results
Demographic and clinical characteristics
of patients
The demographics of the participants are summarized in table
1. Among 1,322 participants, 774 (58.5%) were men with
a mean age of 70.1 ± 4.5 years (range 65–91 years), and 548
were women with a mean age of 70.2 ± 4.1 years (range 65–87
years). Men were found to more frequently have >6 years of
education (97.5% of men, 88.1% of women), DM (25.7% of
men, 16.6% of women), and history of IHD (8.8% of men,
5.8% of women) than women. The proportions of those in the
underweight and reference groups (BMI <18.5 and 18.5–27.5
kg/m2, respectively) were higher in women than in men
(2.4% of women, 1.9% of men in the underweight group;
88.5% of women, 87.7% of men in reference group);
the proportion of those in the severe obesity group (BMI
>27.5 kg/m2) was higher in men (10.3% of men, 9.1% of
women) (table 1).

Table 1 Demographic and clinical characteristics of the
study participants (n = 1,322)

Variables Men Women

No. 774 (58.5) 548 (41.5)

Age, y 70.1 (4.5) 70.2 (4.1)

Education, y 14.0 (4.0)a 10.0 (4.9)a

<6 y, n (%) 19 (2.5) 65 (11.9)

≥6 y, n (%) 755 (97.5) 483 (88.1)

BMI, kg/m2 24.2 (2.7)a 23.9 (2.9)a

<18.5 kg/m2, n (%) 15 (1.9) 13 (2.4)

18.5–27.5 kg/m2, n (%) 679 (87.7) 485 (88.5)

≥27.5 kg/m2, n (%) 80 (10.3) 50 (9.1)

HTN, n (%) 432 (55.8) 310 (56.6)

DM, n (%) 199 (25.7)a 91 (16.6)a

History of IHD, n (%) 68 (8.8)a 32 (5.8)a

History of stroke, n (%) 32 (4.1) 16 (2.9)

ICV, cm3 1,425.0 (101.7)a 1,264.0 (89.5)a

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN = hy-
pertension; IHD = ischemic heart disease; ICV = intracranial volume.
Values are mean (SD) when appropriate.
a Scores in each row are significantly different in pairwise comparisons
(Student t or χ2 test).
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Effects of cardiometabolic risk factors and low
education on cortical thickness
Univariate analyses showed that in women and men, age was
associated with lower cortical thickness throughout the entire
cortex (β = −0.215 to −0.005, p < 0.001) (table 2). Among
women, HTN was associated with lower cortical thickness,
globally and regionally (frontal, temporal, and occipital
regions) (β = −1.518 to −0.023, p < 0.05); DMwas also related
to lower cortical thickness, globally and regionally (frontal and
temporal regions) (β = −1.374 to−0.035, p< 0.05). In addition,
low education level (<6 years) was found to be associated with
lower cortical thickness throughout the entire cortex (β =
−1.019 to −0.059, p < 0.05). In a 2-way interaction model
among women, there was an interaction between age and
obesity throughout the entire cortex (β = −0.328 to −0.010, p <
0.05) (table 3). Amongmen, being underweight was associated
with lower cortical thickness throughout the entire cortex (β =
−2.943 to −0.086, p < 0.05). However, HTN, DM, and low
education were not related to lower cortical thickness (table 2).
No variables interacted with age (table 4).

In multivariate analysis among women, HTN was associated
with lower cortical thickness, globally (β = −0.024, p = 0.011)
and regionally (frontal β = −0.030, p = 0.004; temporal β =
−1.119, p < 0.001) (table 5). DM was also related to lower
cortical thickness in the temporal region (β = −0.920, p =
0.030). In addition, there was an interaction effect between
obesity and age on cortical thickness throughout the entire
cortex in women (β = −0.324 to −0.010, p < 0.05) suggesting
that age-related differences in cortical thickness were more
prominent by aging in obese women compared to women
with normal weight. The slope of the cortical thickness vs age
plot was steeper in women with obesity than in women with
normal weight (figure). Low education was related to lower
cortical thickness, globally and regionally (frontal, parietal,
and occipital regions) (β = −0.053 to −0.046, p < 0.05) (table
5 and figure). Conversely, among men, being underweight
was associated with lower cortical thickness throughout the
entire cortex (β = −2.656 to −0.073, p < 0.05) (table 5 and
figure). The final estimated global cortical thickness models
are shown in the figure and were fitted as in table e-1 (available
from Dryad, doi.org/10.5061/dryad.s7v164j).

To evaluate the effect modification of sex and cardiometabolic
risk factors on cortical thickness, multiple linear regressions
were performed in all participants (n = 1,322) after adding the
interaction terms between sex and other significant variables
frommultivariate analyses (sex × age, sex × underweight, sex ×
obesity, and sex × age × obesity for the whole cortex; sex ×
HTN for global, frontal, temporal cortex; sex × low education
for global, frontal, parietal, occipital cortex; sex × DM for
temporal cortex). There were interactions as follows; sex ×
age (global p = 0.001, frontal p = 0.001, temporal p < 0.001,
parietal p = 0.021, occipital p < 0.001), sex × obesity (global
p = 0.002, frontal p = 0.009, temporal p = 0.02, parietal p =
0.032, occipital p = 0.003), sex × HTN (global p = 0.006,

frontal p = 0.002, temporal p < 0.001), sex × low education
(global p = 0.001, frontal p = 0.001, parietal p = 0.001, oc-
cipital p = 0.002), sex × DM (temporal p = 0.024), and sex ×
age × obesity (global p = 0.002, frontal p = 0.009, temporal p =
0.021, parietal p = 0.034, occipital p = 0.004).

Estimated lower global cortical thickness by
each risk factor
Table 6 shows the estimated lower global cortical thickness
related to each risk factor. In women, compared to partic-
ipants without any risk factors, lower cortical thickness related
to low education, HTN, and DM was estimated as −1.5%,
−0.8%, and −0.7%, respectively, at any age. In obese women,
estimated lower cortical thickness was more prominent with
greater age compared to those with normal weight as follows:
−1.9%, −4.1%, and −6.3% in 75-, 80-, and 85-year-olds, re-
spectively. In men, lower cortical thickness for being un-
derweight were estimated as −4.2% at any age.

Discussion
In this large cohort study, we investigated the different effects
of cardiometabolic syndrome on lower cortical thickness be-
tween men and women who had undergone high-resolution
MRI with the same type of scanner and parameters. Our
major findings were as follows. First, among women, HTN
and DM were associated with lower cortical thickness in-
dependently at any age. There were also interaction effects of
age and obesity on cortical thickness throughout the entire
cortex, suggesting that the slope of the cortical thickness vs
age plot was steeper in obese women than in those of normal
weight. Second, in men, being underweight was associated
with a lower cortical thickness at any age. Taken together, our
findings suggest that women with cardiometabolic risk factors
are more vulnerable to cortical atrophy than men.

In our study, HTN and DM were independently associated
with lower cortical thickness at any age in women but not in
men. Thesemajor findings were consistent with another study
that showed relatively more reduced brain perfusion and
cortical thickness in participants diagnosed with HTN.26

Numerous mechanisms were proposed to explain this phe-
nomenon such as disorders of the microvascular network,
atherosclerosis, and endothelial dysfunction.26 This was fur-
ther supported by another study finding an 65% increased risk
of dementia in women with midadulthood HTN compared
with men.13 Apart from HTN, DM is undeniably an in-
dependent risk factor for developing dementia.27 DM is
a uniquely complex disease because a number of processes
occur in DM such as insulin metabolism, hyperglycemic state
resulting in prolonged inflammation, and microvascular and
macrovascular changes.28,29 A recently published meta-
analysis confirmed the specific relationship between sex dif-
ferences and dementia.14 From a multiple-adjusted analytical
report, DM accounted for a 60% increased risk of developing
any form of dementia in both sexes; however, diabetic female
patients had up to a 19% higher chance of having vascular
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Table 2 Results of univariate linear regression of cortical thickness according to demographic and cardiometabolic factors

Sex Parameter

Global Frontal Temporal Parietal Occipital

β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value

Women Age −0.006 (0.001) <0.001 −0.006 (0.001) <0.001 −0.215 (0.038) <0.001 −0.005 (0.001) <0.001 −0.006 (0.001) <0.001

Education (≥6 y) 0.062 (0.015) <0.001 0.060 (0.016) <0.001 1.019 (0.492) 0.039 0.066 (0.016) <0.001 0.059 (0.016) <0.001

HTN −0.036 (0.010) <0.001 −0.043 (0.010) <0.001 −1.518 (0.316) <0.001 −0.010 (0.011) 0.376 −0.023 (0.010) 0.027

DM −0.035 (0.013) 0.007 −0.037 (0.014) 0.007 −1.374 (0.425) 0.001 −0.018 (0.014) 0.215 −0.023 (0.014) 0.104

IHD 0.010 (0.021) 0.627 0.003 (0.022) 0.876 −0.536 (0.681) 0.431 0.037 (0.023) 0.101 0.025 (0.022) 0.263

Stroke 0.027 (0.029) 0.338 0.042 (0.031) 0.170 0.991 (0.948) 0.296 0.003 (0.032) 0.935 0.002 (0.031) 0.942

BMI 1 (<18.5 kg/m2) −0.022 (0.032) 0.482 −0.013 (0.034) 0.713 −0.518 (1.052) 0.622 −0.048 (0.035) 0.174 −0.020 (0.034) 0.554

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) 0.002 (0.017) 0.913 −0.005 (0.018) 0.782 −0.209 (0.556) 0.707 0.018 (0.019) 0.320 0.015 (0.018) 0.402

Men Age −0.005 (0.001) <0.001 −0.005 (0.001) <0.001 −0.108 (0.028) <0.001 −0.006 (0.001) <0.001 −0.005 (0.001) <0.001

Education (≥6 y) 0.021 (0.026) 0.435 0.037 (0.029) 0.197 −0.010 (0.036) 0.788 0.034 (0.032) 0.292 0.021 (0.030) 0.482

HTN −0.012 (0.008) 0.132 −0.013 (0.009) 0.144 −0.500 (0.259) 0.054 0.004 (0.010) 0.672 −0.010 (0.009) 0.303

DM −0.002 (0.009) 0.806 −0.005 (0.010) 0.653 −0.331 (0.295) 0.263 0.007 (0.011) 0.536 0.010 (0.011) 0.361

IHD −0.026 (0.014) 0.066 −0.028 (0.016) 0.073 −0.559 (0.456) 0.220 −0.023 (0.018) 0.197 −0.015 (0.016) 0.346

Stroke −0.039 (0.020) 0.058 −0.028 (0.022) 0.206 −1.144 (0.647) 0.078 −0.036 (0.025) 0.144 −0.041 (0.023) 0.077

BMI 1 (<18.5 kg/m2) −0.113 (0.029) <0.001 −0.123 (0.032) <0.001 −2.943 (0.932) 0.002 −0.086 (0.036) 0.017 −0.093 (0.033) 0.005

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) −0.012 (0.013) 0.365 −0.021 (0.014) 0.138 −0.196 (0.422) 0.642 −0.005 (0.016) 0.743 −0.003 (0.015) 0.855

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN = hypertension; IHD = ischemic heart disease.
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Table 3 Results of 2-way model with main effect and interaction effect with age in women

2-Way model Parameter

Global Frontal Temporal Parietal Occipital

β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value

Age, education (≥6 y),
age × education (≥6 y)

Age −0.008 (0.003) 0.006 −0.007 (0.003) 0.040 −0.203 (0.098) 0.038 −0.010 (0.003) 0.002 −0.008 (0.003) 0.011

Education (≥6 y) −0.123 (0.226) 0.586 −0.037 (0.246) 0.882 1.050 (7.593) 0.890 −0.432 (0.255) 0.090 −0.134 (0.245) 0.584

Age × education (≥6 y) 0.002 (0.003) 0.439 0.001 (0.003) 0.725 −0.005 (0.106) 0.959 0.007 (0.004) 0.054 0.003 (0.003) 0.456

Age, HTN, age × HTN Age −0.005 (0.002) 0.009 −0.004 (0.002) 0.038 −0.202 (0.060) 0.001 −0.004 (0.002) 0.069 −0.005 (0.002) 0.015

HTN 0.110 (0.163) 0.502 0.109 (0.177) 0.539 −2.570 (5.400) 0.634 0.149 (0.186) 0.425 0.125 (0.178) 0.482

Age × HTN −0.002 (0.002) 0.398 −0.002 (0.003) 0.415 0.019 (0.077) 0.809 −0.002 (0.003) 0.415 −0.002 (0.003) 0.430

Age, DM, age × DM Age −0.006 (0.001) <0.001 −0.006 (0.001) <0.001 −0.217 (0.043) <0.001 −0.004 (0.001) 0.003 −0.007 (0.001) <0.001

DM −0.076 (0.193) 0.694 −0.193 (0.210) 0.358 −5.099 (6.411) 0.427 0.206 (0.219) 0.347 −0.116 (0.210) 0.581

Age × DM 0.001 (0.003) 0.804 0.002 (0.003) 0.439 0.056 (0.090) 0.537 −0.003 (0.003) 0.318 0.001 (0.003) 0.632

Age, IHD, age × IHD Age −0.007 (0.001) <0.001 −0.006 (0.001) <0.001 −0.218 (0.039) <0.001 −0.005 (0.001) <0.001 −0.006 (0.001) <0.001

IHD −0.275 (0.347) 0.429 −0.209 (0.377) 0.580 −4.740 (11.533) 0.681 −0.197 (0.391) 0.615 −0.119 (0.375) 0.752

Age × IHD 0.004 (0.005) 0.412 0.003 (0.005) 0.574 0.060 (0.164) 0.716 0.003 (0.006) 0.550 0.002 (0.005) 0.703

Age, stroke, age × stroke Age −0.006 (0.001) <0.001 −0.006 (0.001) <0.001 −0.208 (0.038) <0.001 −0.005 (0.001) <0.001 −0.006 (0.001) <0.001

Stroke 0.499 (0.522) 0.340 0.628 (0.567) 0.268 16.579 (17.342) 0.340 0.296 (0.590) 0.616 0.349 (0.565) 0.537

Age × stroke −0.007 (0.007) 0.361 −0.008 (0.008) 0.297 −0.227 (0.249) 0.364 −0.004 (0.008) 0.614 −0.005 (0.008) 0.533

Age, BMI, age × BMI Age −0.006 (0.001) <0.001 −0.005 (0.001) <0.001 −0.189 (0.040) <0.001 −0.004 (0.001) 0.001 −0.005 (0.001) <0.001

BMI 1 (<18.5 kg/m2) −0.003 (0.452) 0.995 0.191 (0.492) 0.698 1.465 (15.074) 0.923 −0.341 (0.511) 0.505 −0.249 (0.489) 0.611

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) 0.864 (0.295) 0.004 0.837 (0.321) 0.009 22.634 (9.827) 0.022 0.734 (0.333) 0.028 0.947 (0.319) 0.003

Age × BMI 1 (<18.5 kg/m2) 0.0002 (0.006) 0.977 −0.003 (0.007) 0.688 −0.025 (0.211) 0.907 0.004 (0.007) 0.560 0.003 (0.007) 0.630

Age × BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

Age × BMI 3 (≥27.5 kg/m2) −0.012 (0.004) 0.004 −0.012 (0.005) 0.009 −0.328 (0.140) 0.020 −0.010 (0.005) 0.032 −0.013 (0.005) 0.004

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN = hypertension; IHD = ischemic heart disease.
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Table 4 Results of 2-way model with main effect and interaction effect with age in men

2-Way model Parameter

Global Frontal Temporal Parietal Occipital

β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value β (SE) p Value

Age, education (≥6 y),
age × education (≥6 y)

Age −0.004 (0.008) 0.624 −0.002 (0.009) 0.789 −0.006 (0.011) 0.584 −0.003 (0.001) 0.781 −0.004 (0.009) 0.699

Education (≥6 y) 0.056 (0.295) 0.850 0.128 (0.322) 0.692 −0.071 (0.413) 0.864 0.137 (0.361) 0.704 0.049 (0.336) 0.884

Age × education (≥6 y) −0.001 (0.004) 0.868 −0.001 (0.004) 0.745 0.001 (0.006) 0.906 −0.002 (0.005) 0.741 −0.001 (0.005) 0.904

Age, HTN, age × HTN Age −0.006 (0.001) <0.001 −0.006 (0.002) <0.001 −0.121 (0.045) 0.008 −0.007 (0.002) <0.001 −0.004 (0.002) 0.006

HTN −0.095 (0.127) 0.456 −0.072 (0.139) 0.603 −2.467 (4.074) 0.545 −0.102 (0.155) 0.510 0.011 (0.145) 0.941

Age × HTN 0.001 (0.002) 0.494 0.001 (0.002) 0.647 0.029 (0.058) 0.614 0.002 (0.002) 0.471 −0.0002 (0.002) 0.910

Age, DM, age × DM Age −0.005 (0.001) <0.001 −0.005 (0.001) <0.001 −0.114 (0.034) 0.001 −0.006 (0.001) <0.001 −0.004 (0.001) <0.001

DM −0.009 (0.134) 0.944 0.039 (0.147) 0.791 −2.065 (4.312) 0.632 −0.022 (0.164) 0.892 0.081 (0.153) 0.595

Age × DM 0.000 (0.002) 0.944 −0.001 (0.002) 0.778 0.025 (0.061) 0.679 0.000 (0.002) 0.845 −0.001 (0.002) 0.648

Age, IHD, age × IHD Age −0.005 (0.001) <0.001 −0.005 (0.001) <0.001 −0.104 (0.029) <0.001 −0.006 (0.001) <0.001 −0.004 (0.001) <0.001

IHD 0.222 (0.236) 0.347 0.255 (0.258) 0.324 3.270 (7.609) 0.668 0.365 (0.289) 0.207 0.223 (0.270) 0.408

Age × IHD −0.004 (0.003) 0.289 −0.004 (0.004) 0.271 −0.055 (0.109) 0.612 −0.006 (0.004) 0.178 −0.003 (0.004) 0.373

Age, stroke, age × stroke Age −0.005 (0.001) <0.001 −0.005 (0.001) <0.001 −0.104 (0.029) <0.001 −0.006 (0.001) <0.001 −0.004 (0.001) <0.001

Stroke 0.203 (0.281) 0.472 0.242 (0.308) 0.432 0.669 (9.058) 0.941 0.422 (0.345) 0.221 0.122 (0.321) 0.703

Age × stroke −0.003 (0.004) 0.403 −0.004 (0.004) 0.390 −0.024 (0.127) 0.852 −0.006 (0.005) 0.190 −0.002 (0.004) 0.622

Age, BMI, age × BMI Age −0.005 (0.001) <0.001 −0.005 (0.001) <0.001 −0.105 (0.030) <0.001 −0.006 (0.001) <0.001 −0.005 (0.001) <0.001

BMI 1 (<18.5 kg/m2) −0.025 (0.423) 0.952 −0.146 (0.462) 0.752 −0.525 (13.648) 0.969 −0.199 (0.521) 0.702 0.046 (0.484) 0.925

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) −0.074 (0.240) 0.759 −0.033 (0.262) 0.899 −1.969 (7.731) 0.799 −0.135 (0.295) 0.648 −0.190 (0.274) 0.489

Age × BMI 1 (<18.5 kg/m2) −0.001 (0.006) 0.855 0.0004 (0.006) 0.942 −0.031 (0.189) 0.871 0.002 (0.007) 0.809 −0.002 (0.007) 0.789

Age × BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

Age × BMI 3 (≥27.5 kg/m2) 0.001 (0.003) 0.0001 (0.004) 0.024 (0.112) 0.834 0.002 (0.004) 0.682 0.003 (0.004) 0.510

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN = hypertension; IHD = ischemic heart disease.
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Table 5 Multivariate linear regression analyses of cortical thickness according to associated cardiometabolic risk factors in women and men

Sex Variables

Global Frontal Temporal Parietal Occipital

B (SE) p Value B (SE) p Value B (SE) p Value B (SE) p Value B (SE) p Value

Women Intercept 3.263 (0.086) <0.001 3.329 (0.091) <0.001 35.346 (2.866) <0.001 3.056 (0.094) <0.001 2.926 (0.093) <0.001

Age −0.004 (0.001) 0.001 −0.004 (0.001) 0.001 −0.153 (0.040) <0.001 −0.003 (0.001) 0.015 −0.005 (0.001) <0.001

Education (≥6 y) 0.046 (0.014) 0.001 0.049 (0.015) 0.002 0.564 (0.480) 0.241 0.053 (0.016) <0.001 0.052 (0.016) <0.001

BMI 1 (<18.5 kg/m2) −0.112 (0.443) 0.801 0.014 (0.473) 0.976 −0.372 (14.892) 0.980 −0.453 (0.487) 0.353 −0.414 (0.483) 0.391

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) 0.922 (0.288) 0.001 0.834 (0.308) 0.007 22.738 (9.676) 0.019 0.735 (0.317) 0.021 0.969 (0.313) 0.002

Age × BMI 1 (<18.5 kg/m2) 0.001 (0.006) 0.839 −0.0004 (0.007) 0.956 −0.003 (0.208) 0.990 0.006 (0.007) 0.397 0.006 (0.007) 0.407

Age × BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

Age × BMI 3 (≥27.5 kg/m2) −0.013 (0.004) 0.002 −0.012 (0.004) 0.007 −0.324 (0.138) 0.020 −0.010 (0.005) 0.023 −0.014 (0.004) 0.003

HTN −0.024 (0.009) 0.011 −0.030 (0.010) 0.004 −1.119 (0.318) <0.001 −0.013 (0.010) 0.208

DM −0.020 (0.013) 0.119 −0.019 (0.013) 0.161 −0.920 (0.421) 0.030

Men Intercept 3.398 (0.060) <0.001 3.475 (0.064) <0.001 33.246 (1.941) <0.001 3.251 (0.074) <0.001 2.968 (0.070) <0.001

Age −0.005 (0.001) <0.001 −0.006 (0.001) <0.001 −0.125 (0.028) <0.001 −0.005 (0.001) <0.001 −0.004 (0.001) <0.001

BMI 1 (<18.5 kg/m2) −0.126 (0.029) <0.001 −0.142 (0.030) <0.001 −2.656 (0.892) 0.003 −0.073 (0.034) 0.034 −0.084 (0.033) 0.010

BMI 2 (18.5–27.5 kg/m2) Reference Reference Reference Reference Reference

BMI 3 (≥27.5 kg/m2) −0.015 (0.013) 0.227 −0.025 (0.013) 0.067 −0.059 (0.410) 0.885 −0.011 (0.016) 0.470 −0.009 (0.015) 0.547

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN = hypertension.
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dementia compared to male patients.14 Our findings also
suggest that women have more detrimental effects fromHTN
or DM on brain aging than men.

It is worth noting that there were interaction effects between
age and severe obesity on cortical thickness throughout the
entire cortex, suggesting that the slope of the cortical thick-
ness vs age plot was steeper in obese women than in women
with normal weight. Severe obesity is generally well known to
put an individual at risk of developing dementia.30–32 For

instance, an elevated BMI score increased the risk of AD in
women, which was a major finding reported by the Cache
County Study.33 Similarly, in the H70 study, women with
a high baseline BMI score were likely to develop AD.34 This
phenomenon was not observed in men.34 This could possibly
be explained by elevated levels of inflammatory proteins in
women such as C-reactive protein and interleukin-6.35 In
addition to the previous studies, our findings further suggest
that in obese women, cortical thinning was accelerated more
rapidly by aging than in those without obesity.

Figure Estimated global cortical thickness models

Estimated global cortical thickness
models according to associated
cardiometabolic factors in cogni-
tively normal (A) women and (B)
men. (C and D) Cortical thickness
in women according to years of
education. DM = diabetesmellitus;
HTN = hypertension.
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It is crucial to investigate themechanism underlying whywomen
were more susceptible to cardiometabolic risk factors. However,
no conclusive studies have elucidated this yet. It has been
thought that hormonal effects and social and behavioral differ-
ences might play a role.36 This is especially true for estrogen,
which possesses potent anti-inflammatory properties.37 Estrogen
deficiency during menopause causes activation of proin-
flammatory cytokines, which could put the brain at risk for in-
flammatory processes, subsequently leading to the development
of cardiometabolic syndrome.38,39 Estrogen also plays a pivotal
role in reducing vasoconstriction via the renin-angiotensin sys-
tem pathway to maintain a normal blood pressure.40,41 A phys-
iologic reduction in the estrogen level may place perimenopausal
women at risk of HTN and renin-angiotensin system–regulated
cerebrovascular alterations or AD pathology.41,42

Our current study also demonstrated an association between
low education and lower cortical thickness in women but not
in men. In general, women in Asia have limited access to
education compared with men.15 Education may be the single
most important prophylactic measure for dementia in that it
increases the brain reserve by establishing neuronal and syn-
aptic networks.43,44 Our aforementioned findings stress the
importance of standard education to prevent brain aging,
especially in women.

We also found that underweight men tend to have lower mean
cortical thickness throughout the whole cortex. According to
a previous study, the underweight elderly population is at
increased risk of dementia.45 A similar report strongly sug-
gested that underweight male participants have greater thin-
ning in the frontal and temporal cortices compared with the
normal group.18 Several possible mechanisms explain this
phenomenon. First, a temporal inversion of vascular risk
factors for dementia might play a role. It is known that obesity
in midlife carries a high risk for developing dementia, while at

older age the greatest dementia risk is observed in un-
derweight individuals.46 Second, underweight could be re-
flective of early AD changes in the medial temporal region,
which is an important center responsible for memory, as well
as regulating appetite and eating behavior.47 In addition, de-
ficiency of essential nutrients could result in oxidative stress,
a process that could lead to AD changes.48 Furthermore,
physiologic reserve dysfunction may increase susceptibility to
any forms of stressors.49 At present, while there has been no
convincing study to establish the mechanism of the sex effect
on the relationship between being underweight and having
lower cortical thickness, this has been proposed to be related
to hormonal differences, diet, smoking, alcohol intake, exer-
cise, and genetic predisposition.18,45

Finally, we found specific effects of each cardiometabolic risk
factor by estimating lower cortical thickness. In obese women,
estimated lower cortical thickness was more prominent by
aging compared to women with normal weight.

The strengths of our current study included a large sample size,
a standardizedMRI protocol using the same type of scanner with
the same set of parameters, sophisticated measurements
of cortical thickness, and availability of a broad array of de-
mographic and laboratory data on study participants obtained
from the medical health screening. However, the present study
has some limitations. First, this was designed as a cross-sectional
study, and we were not able to investigate whether sex differ-
ences were dynamic from midlife to late life. In addition, we did
not have information on exposure duration of the participants’
cardiometabolic risk factors. Further longitudinal study is re-
quired to investigate whether theremight be dynamic differences
frommidlife to late life influenced by sex in the effects of vascular
risk factors on development of cognitive impairment in the el-
derly. Second, pathologies such as AD,microcortical infarcts, and
changes in the white matter responsible for lower cortical
thickness were notmeasured in our present study. As a result, we
propose future investigations to study other pathophysiologic
processes. Third, we defined vascular risk factors as a medical
history of diagnosis or on medication for vascular risk factors
rather than suspected diagnosis from medical health screening.
Considering that vascular risk factors could gradually and in-
sidiously contribute to the development of degenerative de-
mentia, we chose to adopt vascular risk factors obtained from the
medical history as independent variables. Moreover, participants
with suspected HTN or DM might be included in the group
withoutHTNorDM.However, women havemore frequency of
suspectedHTN thanmen (p< 0.001), biasing the results toward
the null hypothesis. Another limitation is that the age range of
our sample was restricted to >65 years because we aimed to
determine the influence of cardiometabolic risk factors on brain
aging in the cognitively normal elderly. The results of extending
the sample to a younger age could lead to a different impact on
brain cortical thickness at different ages. In addition, the fre-
quency of low education was less in men (2.5%) than in women
(11.9%), which might affect our finding of sex-specific low ed-
ucational effects on lower cortical thickness. Finally, information

Table 6 Estimated lower global cortical thickness by each
risk factor compared to normal individuals

Sex Risk factors Chronologic age, y
Lower cortical
thickness, %

Women Low education Any age −1.5

HTN −0.8

DM −0.7

Obesity 75 −1.9

80 −4.1

85 −6.3

Men Underweight Any age −4.2

Abbreviations: BMI = body mass index; DM = diabetes mellitus; HTN =
hypertension.
Low education (<6 y), Obesity (BMI ≥ 27.5 kg/m2), underweight (BMI ≤ 18.5
kg/m2).
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possibly related to cognition such as estrogen exposure,
menarche onset, child-bearing duration, and age at primi-
gravida was not obtained.50 This opens the possibility for
future study to assess whether the estrogen levels mediate
the effects of cardiometabolic risk factors on cortical atrophy.
However, the results of our present study highlight the im-
portance of sex-specific relationship of cardiometabolic risk
factors with brain aging. These results further suggest that
a different approach is needed to prevent and manage de-
mentia in terms of sex differences, taking into consideration
the insufficiency of our currently known prevention or
treatment methods for brain aging.
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38. Chedraui P, Jaramillo W, Pérez-López FR, Escobar GS, Morocho N, Hidalgo L. Pro-
inflammatory cytokine levels in postmenopausal women with the metabolic syn-
drome. Gynecol Endocrinol 2011;27:685–691.

39. Pfeilschifter J, Köditz R, Pfohl M, Schatz H. Changes in proinflammatory cytokine
activity after menopause. Endocr Rev 2002;23:90–119.

40. Macova M, Armando I, Zhou J, et al. Estrogen reduces aldosterone, upregulates
adrenal angiotensin II AT2 receptors and normalizes adrenomedullary Fra-2 in
ovariectomized rats. Neuroendocrinology 2008;88:276–286.

41. O’Hagan TS, Wharton W, Kehoe PG. Interactions between oestrogen and the renin
angiotensin system: potential mechanisms for gender differences in Alzheimer’s dis-
ease. Am J Neurodegener Dis 2012;1:266–279.

42. Buleishvili M, Lobjanidze N, Ormotsadze G, Enukidze M, Machavariani M, Sanikidze
T. Estrogen related mechanisms of hypertension in menopausal women. Georgian
Med News 2016:45–51.

43. Kim JP, Seo SW, Shin HY, et al. Effects of education on aging-related cortical thinning
among cognitively normal individuals. Neurology 2015;85:806–812.

44. Schmand B, Smit JH, Geerlings MI, Lindeboom J. The effects of intelligence and
education on the development of dementia: a test of the brain reserve hypothesis.
Psychol Med 1997;27:1337–1344.

45. Qizilbash N, Gregson J, Johnson ME, et al. BMI and risk of dementia in two million
people over two decades: a retrospective cohort study. Lancet Diabetes Endocrinol
2015;3:431–436.

Appendix (continued)

Name Location Role Contribution

Soo Hyun
Cho, MD,
PhD

Department of
Neurology,
Chonnam
National
University
Hospital,
Gwangju,
Korea

Coauthor Conceptualization
of the study,
interpretation of
the data

Byungju
Lee, MD

Department of
Neurology,
Yuseong
Geriatric
Rehabilitation
Hospital,
Pohang,
Korea

Coauthor Conceptualization
of the study,
interpretation of
the data

Samuel N.
Lockhart,
PhD

Department of
Internal
Medicine,
Section of
Gerontology and
Geriatric
Medicine,
Wake Forest
School of
Medicine,
Winston-Salem,
NC

Coauthor Interpretation of
the data,
manuscript
revision

Duk L. Na,
MD, PhD

Department of
Neurology,
Sungkyunkwan
University School
of Medicine,
Samsung
Medical Center,
Seoul, Korea

Coauthor Interpretation of
the data,
manuscript
revision

Sang Won
Seo, MD,
PhD

Department of
Neurology,
Sungkyunkwan
University School
of Medicine,
Samsung
Medical
Center, Seoul,
Korea

Corresponding
author

Study design,
interpretation of
the data,
manuscript
revision

e1056 Neurology | Volume 93, Number 11 | September 10, 2019 Neurology.org/N

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://www.ungei.org/resources/files/unicefrosa_educatinggirlsinSouthAsia.pdf
http://www.ungei.org/resources/files/unicefrosa_educatinggirlsinSouthAsia.pdf
http://afni.nimh.nih.gov
http://galton.uchicago.edu/faculty/InMemoriam/worsley/research/surfstat
http://galton.uchicago.edu/faculty/InMemoriam/worsley/research/surfstat
http://neurology.org/n


46. Fitzpatrick AL, Kuller LH, Lopez OL, et al. Midlife and late-life obesity
and the risk of dementia: cardiovascular health study. Arch Neurol 2009;66:
336–342.

47. Grundman M, Corey-Bloom J, Jernigan T, Archibald S, Thal LJ. Low body weight in
Alzheimer’s disease is associated with mesial temporal cortex atrophy. Neurology
1996;46:1585–1591.

48. Santos JR, Gois AM, Mendonça DM, Freire MA. Nutritional status, oxidative stress and
dementia: the role of selenium in Alzheimer’s disease. Front AgingNeurosci 2014;6:206.

49. Gray SL, Anderson ML, Hubbard RA, et al. Frailty and incident dementia. J Gerontol
A Biol Sci Med Sci 2013;68:1083–1090.

50. Luine VN. Estradiol and cognitive function: past, present and future. Horm Behav
2014;66:602–618.

Neurology.org/N Neurology | Volume 93, Number 11 | September 10, 2019 e1057

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n

