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Abstract

Background: Clinical stroke is prevalent in American Indians, but the risk factors for
cerebrovascular pathology have not been well-studied in this population. The purpose of this study
was to correlate abnormalities on brain magnetic resonance imaging (MRI) with clinical risk
factors in a cohort of elderly American Indians.

Methods: Brain MRI scans from 789 participants of the Strong Heart Study were analyzed for
infarcts, hemorrhage, white matter disease, and measures of cerebral atrophy including ventricular
and sulcal grade and total brain volume. Clinical risk factors included measures of hypertension,
diabetes, and high levels of low-density lipoprotein (LDL) cholesterol. Regression models
adjusted for potential confounders were used to estimate associations between risk factors and
brain MRI outcomes.

Results: Hypertension was associated with the presence of infarcts (o= 0.001), ventricle
enlargement (p= 0.01), and increased white matter hyperintensity volume (p = 0.01). Diabetes
was associated with increased prevalence of cerebral atrophy (p < 0.001), ventricular enlargement
(p=0.001), and sulcal widening (p= 0.001). High LDL was not significantly associated with any
of the measured cranial imaging outcomes.

Conclusions: This study found risk factors for cerebrovascular disease in American Indians
similar to those seen in other populations and provides additional evidence for the important roles
of hypertension and diabetes in promoting cerebral infarcts and brain atrophy, respectively.

Dean Shibata, MD, University of Washington School of Medicine, Department of Radiology, Box 357115, 1959 NE Pacific St.,
Seattle, WA 98195 (USA), shibatad@uw.edu.
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Introduction

Methods

Participants

Clinical stroke in American Indians, who have an incidence rate of stroke (per 1,000 person-
years) as high as 6.85 [1], is substantially more common than in the general US population
[2, 3]. Despite progress in the diagnosis and treatment of acute stroke, prevention remains
the most effective approach to reducing stroke morbidity. Brain magnetic resonance imaging
(MRI) enables early identification of subclinical vascular brain injuries such as infarcts,
hemorrhages, white matter hyperintensities (WMH), and cerebral atrophy [4, 5]. Most brain
MRI studies have focused primarily on populations of European descent living in Europe
and North America and have identified correlations between MRI abnormalities and
vascular risk factors, especially hypertension [6, 7]. Some recent studies have demonstrated
different associations in other populations. In the United States, for example, African
Americans and Hispanics appear to have stronger positive associations between diastolic
blood pressure and WMH than do non-Hispanic Whites [8]. Similarly, in the United
Kingdom, African Caribbeans appear to have stronger associations linking hypertension and
diabetes with WMH and infarcts than do Whites [9, 10]. Given the high prevalence of
vascular disease in American Indians [10, 11], an understanding of the associations between
vascular risk factors and vascular brain injury in this population is essential to designing
effective strategies for prevention and treatment.

Accordingly, the Cerebrovascular Disease and its Consequences in American Indians
(CDCAI) study was undertaken to investigate the prevalence and nature of vascular brain
injury in elderly American Indians by conducting structural MRI among other clinical
examinations. Study procedures included a battery of cognitive, neurological, physical, and
laboratory assessments, as well as 1.5T brain imaging. This study reports associations
between vascular brain injury and hypertension, diabetes, and high low-density lipoprotein
(LDL) cholesterol in the CDCAI study population.

The Strong Heart Study was a multicommunity cohort study aimed at better understanding
cardiovascular disease in American Indians. Between 1989 and 1991, 4,549 American
Indian adults were recruited from 13 tribal communities in the US Southwest, Southern
Plains, and Northern Plains [12]. The CDCAI was an ancillary study conducted from 2010
to 2013 to investigate vascular brain injury, its risk factors, and clinical manifestations
among surviving members of the Strong Heart cohort [13]. A total of 1,033 participants
completed CDCAI examinations; after data collection was complete, one community (7=
215) withdrew consent, and these data were removed from analyses. Of the remaining
participants, 29 had unusable MRI scans, leaving 789 for the current study. Institutional
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approval for CDCAI study procedures was obtained through appropriate processes from
associated tribal councils, the Indian Health Service, and participating institutional IRBs. All
participants provided written, informed consent before commencing study activities.

MRI Procedures

CDCAI investigators used 1.5T MRI scanners with image sequences including 5 mm axial-
T1-weighted, T2-weighted, and T2* susceptibility-weighted images [14, 15]. For volumetric
analysis, 3 mm fluid-attenuated inversion recovery (FLAIR) and 1.5 mm sagittal 3-
dimensional T1-weighted volumetric gradient echo images were also obtained.
Neuroradiologists who were trained and tested in the study protocols read all scans blinded
to participants’ age, sex, and clinical information.

Brain infarcts were defined as lesions larger than 2 mm with a characteristic shape, absence
of mass effect, and hyperintensity to gray matter on both T2-weighted and FLAIR images.
In contrast, perivascular spaces are hypointense on FLAIR images. Lesions within white
matter were required to be hypointense on T1- weighted images to distinguish them from
focal WMH [15]. Brain hemorrhages were defined as lesions that were hypointense on
gradient echo images. Brain infarcts and hemorrhages were characterized by number, size,
type, and location. Infarcts between less than 2 cm in maximum dimension and located in
the caudate, lenticular nucleus, internal capsule, thalamus, brainstem, cerebellar white
matter, centrum semiovale, or corona radiata were defined as “lacunes.” The remaining
infarcts (larger infarct and similar sized infarcts in other territories) were classified as “non-
lacunes” (a somewhat heterogeneous group which would include both large vessel cortical
infracts as well as a smaller likely embolic infarcts).

Severity of WMH, sulcal widening, and ventricle enlargement were graded using a semi-
quantitative 10-point scale to match participants’ images to templates used by the
Atherosclerosis Risk in Communities study [16] and the Cardiovascular Health Study [17].
A best fit ranging from grade 0 (absence of disease) to grade 9 (most severe) was
determined, with scores of 3 or higher defined as abnormal [18]. WMH volume was
calculated by using the Fuzzy Lesion Extractor technique [19] to segment the 3 mm FLAIR
images. Total brain volume was measured using the Freesurfer image analysis suite [20, 21].
Intracranial volume, which was estimated using the ENIGMAL1 protocol for FMRIB
Software Library [22], was used in analyses of hippocampus (HC), WMH, and total brain
volume, to adjust for intraindividual variation in head size.

Covariates and Risk Factors

Interviews, clinical examinations, and blood draws were performed within 1 month of the
MRI scans. Covariates of interest included age, sex, study site, education, income, cigarette
smoking, alcohol use, and body mass index. Main risk factors of interest comprised
hypertension, diabetes, and dyslipidemia. Hypertension was defined as seated systolic blood
pressure (SBP) >140mm Hg, diastolic blood pressure (DBP) >90 mm Hg, or use of
antihypertensive medications. Prevalent diabetes was defined as fasting glucose >126 mg/dL
(7 mmol/L) or use of diabetes medications. High LDL was defined as LDL >160 mg/dL
based on National Cholesterol Education Program ATP-111 guidelines, or use of lipid-
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lowering medications. In secondary analyses, associations with continuous fasting glucose,
SBP, DBP, and LDL were investigated. History of definite clinical stroke was adjudicated by
trained physicians, as previously reported [23].

Statistical Procedures

Results

Participant characteristics were summarized using means and standard deviations or counts
and percentages. Poisson regression was used to estimate prevalence ratios (PRs) for
associations between risk factors and the common outcomes: presence of infarcts or
hemorrhages or abnormal grade (grade =3) for WMH, ventricle enlargement, and sulcal
widening [24]. Multivariable linear regression was used to estimate risk factor associations
with volume of WMH, HC, or total brain, with intracranial volume included as an additional
covariate. All models were adjusted for participant age, sex, site, income, education, and the
lifestyle risk factors: smoking, alcohol, and body mass index categories. We used robust
sandwich errors estimation to estimate valid standard errors for all coefficients. With 10
imaging features and 3 risk factors (30 tests), multiple testing is an important consideration
when interpreting results. To control the significance threshold for multiple testing, we used
the false discovery rate [25, 26] and set q = 0.05, which reflects the proportion of significant
findings that are false positives we are willing to accept. All main results with p values <
0.012, the FDR-corrected critical p value, are indicated with an * and reported as significant.
Secondary analysis results were not corrected and are interpreted as exploratory results.
Statistical analyses were conducted using Stata (version 14, Stata Corp, College Station, TX,
USA).

A description of participants in terms of selected characteristics is included in the online
supplementary Table A (for all online suppl. material, see www.karger.com/doi/
10.1159/000496343). In general, hypertension (80%) and diabetes (49%) were common in
this older aged population, mean age = 73 years. Similarly, MRI findings were also
common, with infarcts noted in 33.5% and hemorrhages in 5.7% of participants. With
abnormality defined as grade 3 or higher, more than one-third (37.3%) of participants had
abnormal WMH grade, while approximately two-thirds had abnormal sulcal widening
(66.0%) or abnormal ventricle enlargement (67.5%). A total of 37 (4.7%) of participants had
an adjudicated clinical stroke prior to the MRI examination. Of those, 28 (75.7%) were
noted as having infarcts on MRI, indicating that the remaining 9 had a history of stroke but
no evidence of MRI- defined infarcts 2-20 mm in size. In contrast, among participants with
no history of clinical stroke at the MRI visit or self-reported stroke, 29% had infarcts.

Risk Factors and MRI Findings

Both hypertension and diabetes were associated with brain abnormalities, while high LDL or
use of lipid-lowering medications was not significantly associated with any findings (Table
1). Hypertension was associated with a 59% (95% CI 20-210%) increased prevalence of
infarct (p=0.001), with positive associations for both non-lacunar only and any lacunar
infarcts, though only the subcategory of lacunar infarcts was significant (o = 0.006).
Hypertension was also significantly associated with an 18% (95% Cl 4-33%) increased
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prevalence of ventricle enlargement (p = 0.01). Diabetes was associated with increased
prevalence of sulcal widening (PR 1.2 [95% CI 1.1-1.3], p=0.001) and ventricle
enlargement (PR 1.3 [95 %ClI 1.2-1.4], p<0.001). None of the risk factors were
significantly associated with hemorrhage or WMH-Grade 3+ abnormalities after FDR
adjustment.

In secondary analyses of continuous clinical measures as the exposures (Table 2), each 1
mg/dL increase in fasting glucose was associated with a small (0.1%) increased prevalence
of ventricle enlargement (p= 0.002). SBP was positively associated with the presence of any
infarcts, presence of non-lacunar infarcts, and ventricle enlargement-grade 3+ with elevated
prevalence of approximately 0.1-1% for each 1 mm Hg increase in mean SBP.

In models examining brain volumes (Table 3), diabetes was robustly associated with
decreased mean total brain volume, B = -16.0 cm3 (95% CI —23.6 to -8.5), p < 0.001.
Hypertension was associated with small increases in WMH volume, g = 1.3 cm?3 (95% Cl
0.3-2.3), p=0.01. No other significant associations with brain volume outcomes were
detected. Due to non-normal residuals from WMH volume models, we investigated a binary
model of WMH volume (> median and < median) and found a similar positive association
between diabetes and increased WMH volume (p = 0.018).

In secondary analyses (Table 4), each 1 mm Hg increase in mean SBP was associated with
0.004 cm? decrease in HC volume (p = 0.02) and 0.03 cm3 increase in WMH volume (p =
0.006). In contrast, DBP was only associated with WMH volume; each 1 mm Hg increase in
mean DBP was associated with 0.05 cm?3 increases in mean WMH volume (p = 0.014),
though it was not significant after FDR correction.

In sensitivity analyses, individuals with a history of stroke were excluded to determine
whether relationships were consistent among those with “subclinical” MRI findings in
Tables B and C in the online supplementary material. Similar associations were identified
for diabetes and hypertension, although hypertension was no longer significantly associated
with increased WMH volume (p= 0.06).

Discussion

In this study, hypertension was associated with the presence of more infarcts, enlargement of
ventricles, and increased volume of WMH. Diabetes was associated with increased
prevalence of cerebral atrophy, including ventricular enlargement and sulcal widening. High
serum LDL was not significantly associated with any of the measured cranial imaging
outcomes.

The prevalence of infarcts in our study sample (34%) may appear higher than that reported
in studies of people of European descent (21%) and African Caribbean heritage (22%) [9],
but similar to that of a racially mixed group of Americans (31%) in a study involving
participants of similar age and MRI scans with similar scoring [9, 27]. The prevalence of
abnormal WMH (37%) was higher than that of similarly aged people of European descent
(33%), but not the African Caribbeans (43%) in the same study [9]. The prevalence of
hemorrhages was 5.7%, somewhat lower than in other population-based studies of European
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descent [28, 29]. Hypertension was common in our sample (80.6%) and was associated with
the presence of one or more brain infarcts. Hypertension was also associated with ventricle
enlargement (a measure of cerebral atrophy), while elevated SBP was associated with larger
WMH volume. Both associations have been reported in prior studies of middle-aged and
elderly US White [30, 31] and African Caribbean [9] populations. In addition, higher SBP,
but not DBP, was associated with higher prevalence of infarcts and ventricle enlargement
and decreased hippocampal volume. Others have observed associations between ventricle
enlargement and SBP, but not DBP [32]. On more detailed analysis of infarct subtypes,
increases in SBP were associated with the presence of non-lacunar infarcts, while
hypertension trended toward association with both subtypes, though only the subtype
including any lacunar infarct was significant. The differing degrees of significance in the
association of infarcts with SBP versus hypertension are uncertain. We did not detect an
association between hypertension and hemorrhage, but this null result might reflect limited
statistical power due to the low prevalence (5.7%) of MRI-defined hemorrhage in our
sample.

Diabetes is highly prevalent in American Indians, representing a major public health
problem [10, 33, 34]. Indeed, almost half of the study population had diabetes or impaired
fasting glucose. Among our brain MRI findings, the strongest associations with diabetes
appeared in measures of brain atrophy, including sulcal widening, ventricle enlargement, and
reduced overall brain volume. Similar associations have been reported in several other
studies [35-41], including studies of middle-aged African Americans [41, 42] and Asians
[43, 44]. The underlying mechanism remains unclear, but in addition to microvascular
disease, both hydration status and direct neurodegeneration might be involved [45, 46].

Although dyslipidemia is relatively common in American Indians [47, 48], we did not
identify any associations between high LDL and brain abnormalities on MRI. This null
result might reflect the complex relationships among LDL levels, decisions to treat with
lipid-lowering medications, and the actual state of disease in our study sample. For example,
people receiving treatment might also receive better health care than those who remain
untreated. Others have reported associations linking higher continuous LDL levels with
reduction in WMH and larger brain volumes in multiethnic US samples [49, 50] and in an
outpatient sample in Japan [51]. The mechanism underlying this somewhat paradoxical
relationship is uncertain, but it might be related to the special role of cholesterol in the repair
and metabolism of white matter [52, 53].

As reported in other studies [54, 55], most MRI-defined infarcts (85.9%) are clinically
covert, particularly in people with no history of clinically defined stroke. A relatively large
number of our participants (29%) who did not have a history of clinical stroke or self-
reported stroke had infarcts on MRI. Hypertension had a relatively strong correlation with
non-lacunar infarcts in our sample, while neither diabetes nor high LDL was robustly
associated with any type of infarct.

When compared with similar studies on other populations, these results on an American
Indian population demonstrate that although the prevalence of both vascular risk factors and
brain MRI defined infarcts and white matter disease may in some instances be higher than
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that of other previously studied groups, the associations were relatively consistent and may
have similar mechanisms of pathogenesis. This underscores the importance in lowering risk
factors in this relatively vulnerable population with a high burden of diabetes and
hypertension in an attempt to reduce infarcts, white matter microvascular changes, and brain
atrophy.

Our study has certain limitations. First, the temporality of associations cannot be examined
by using cross-sectional data. Nevertheless, strong biological support exists for a
unidirectional relationship among most of the associations we examined, and our findings
are consistent with other population studies of European and US Whites, Asians, and people
of African descent. We were unable to address the impact of medications, therapies, or
adherence to medications or therapies on vascular brain injury. Future studies are advised to
examine whether earlier or stricter interventions for hypertension or diabetes can reduce
MRI-defined infarcts or WMH.

Conclusion

This was the first large cohort study among elderly American Indians to obtain brain MRIs
and examine risk factors for vascular brain injury. In our study sample, hypertension was
associated with the presence of infarcts, and SBP was associated with increased volume of
WMH, and diabetes was associated with measures of cerebral atrophy. Although similar
findings have been reported in other populations, our results underscore the importance of
diagnostic, monitoring, and preventive measures to reduce the prevalence of vascular brain
injury — especially in a vulnerable, high-risk population such as American Indians.

Acknowledgments

None of the authors have any conflicts of interest to report. This work was supported by the National Heart Lung
and Blood Institute (grants UO1HL41642, U01HL41652, U01HL41654, U01HL65520, UO1HL65521,
RO1HL109315, R01HL109301, RO1HL 109284, RO1HL109282, RO1HL 109319, and RO1HL093086); the National
Institute on Aging (grant P50 AG005136); and the Nancy and Buster Alvord Endowment (Thomas J. Montine). The
opinions expressed in this manuscript are those of the authors and do not necessarily reflect those of the Indian
Health Service. The authors wish to thank all study communities, participants, and staff.

References

1. Wang W, Zhang Y, Lee ET, Howard BV, Devereux RB, Cole SA, Best LG, Welty TK, Rhoades E,
Yeh J, Ali T, Kizer JR, Kamel H, Shara N, Wiebers DO, Stoner JA: Risk factors and prediction of
stroke in a population with high prevalence of diabetes: the strong heart study. World J Cardiovasc
Dis 2017;7 :145-162. [PubMed: 28775914]

2. Centers for Disease Control and Prevention (CDC): Racial/ethnic and socioeconomic disparities in
multiple risk factors for heart disease and stroke—United States, 2003. MMWR Morb Mortal Wkly
Rep 2005;54: 113-117. [PubMed: 15703691]

3. Harris R, Nelson LA, Muller C, Buchwald D: Stroke in American Indians and Alaska natives: a
systematic review. Am J Public Health 2015;105: e16—e26.

4. Friedman JI, Tang CY, de Haas HJ, Changchien L, Goliasch G, Dabas P, Wang V, Fayad ZA, Fuster
V, Narula J: Brain imaging changes associated with risk factors for cardiovascular and
cerebrovascular disease in asymptomatic patients. JACC Cardiovasc Imaging 2014;7 :1039-1053.
[PubMed: 25323165]

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shibata et al.

Page 8

. Knopman DS, Penman AD, Catellier DJ, Coker LH, Shibata DK, Sharrett AR, Mosley TH Jr:

Vascular risk factors and longitudinal changes on brain MRI: the ARIC study. Neurology 2011;76 :
1879-1885. [PubMed: 21543737]

. Longstreth WT Jr: Brain abnormalities in the elderly: frequency and predictors in the United States

(the cardiovascular health study). Cardiovascular health study collaborative research group. J Neural
Transm Suppl 1998;53: 9-16. [PubMed: 9700642]

. Vermeer SE, Koudstaal PJ, Oudkerk M, Hofman A, Breteler MM: Prevalence and risk factors of

silent brain infarcts in the population- based Rotterdam Scan Study. Stroke 2002;33: 21-25.
[PubMed: 11779883]

. Marcus J, Gardener H, Rundek T, Elkind MS, Sacco RL, Decarli C, Wright CB: Baseline and

longitudinal increases in diastolic blood pressure are associated with greater white matter
hyperintensity volume: the northern Manhattan study. Stroke 2011;42 :2639-2641. [PubMed:
21836088]

. Shibata D, Tillin T, Beauchamp N, Heasman J, Hughes AD, Park C, Gedroyc W, Chaturvedi N:

African Caribbeans have greater subclinical cerebrovascular disease than Europeans: this is
associated with both their elevated resting and ambulatory blood pressure and their hyperglycaemia.
J Hypertens 2013;31: 2391-2399. [PubMed: 24029870]

10. Lee ET, Howard BV, Go O, Savage PJ, Fabsitz RR, Robbins DC, Welty TK: Prevalence of

undiagnosed diabetes in three American Indian populations. A comparison of the 1997 American
diabetes association diagnostic criteria and the 1985 world health organization diagnostic criteria:
the strong heart study. Diabetes Care 2000;23: 181-186. [PubMed: 10868828]

11. Howard BV: Blood pressure in 13 American Indian communities: the strong heart study. Public

Health Rep 1996;111(suppl 2):47-48. [PubMed: 8898773]

12. Sambo BH; Strong Heart Study Investigators: The strong heart study: interaction with and benefit

to American Indian communities. Am J Med Sci 2001;322 :282-285. [PubMed: 11876189]

13. Suchy-Dicey AM, Shibata D, Best LG, Verney SP, Longstreth WT Jr, Lee ET, Okin PM, Devereux

R, O’Leary M, Ali T, Jensen PN, Muller C, Nelson LA, Rhoades E, Madhyastha T, Grabowski TJ,
Beauchamp N, Umans JG, Buchwald D: Cranial magnetic resonance imaging in elderly American
Indians: design, methods, and implementation of the cerebrovascular disease and its consequences
in American Indians Study. Neuroepidemiology 2016;47 :67-75. [PubMed: 27603047]

14. Manolio TA, Kronmal RA, Burke GL, Poirier V, O’Leary DH, Gardin JM, Fried LP, Steinberg EP,

Bryan RN: Magnetic resonance abnormalities and cardiovascular disease in older adults. The
cardiovascular health study. Stroke 1994;25 :318-327. [PubMed: 8303738]

15. Bryan RN, Cai J, Burke G, Hutchinson RG, Liao D, Toole JF, Dagher AP, Cooper L: Prevalence

and anatomic characteristics of infarct-like lesions on MR images of middle-aged adults: the
atherosclerosis risk in communities study. AJINR Am J Neuroradiol 1999;20 :1273-1280.
[PubMed: 10472985]

16. The atherosclerosis risk in communities (ARIC) study: design and objectives. The ARIC

investigators. Am J Epidemiol 1989; 129:687-702. [PubMed: 2646917]

17. Fried LP, Borhani NO, Enright P, Furberg CD, Gardin JM, Kronmal RA, Kuller LH, Manolio TA,

Mittelmark MB, Newman A, et al.: The cardiovascular health study: design and rationale. Ann
Epidemiol 1991;1 :263-276. [PubMed: 1669507]

18. Liao D, Cooper L, Cai J, Toole J, Bryan N, Burke G, Shahar E, Nieto J, Mosley T, Heiss G: The

prevalence and severity of white matter lesions, their relationship with age, ethnicity, gender, and
cardiovascular disease risk factors: the ARIC Study. Neuroepidemiology 1997;16: 149-162.
[PubMed: 9159770]

19. Gibson E, Gao F, Black SE, Lobaugh NJ: Automatic segmentation of white matter hyperintensities

in the elderly using FLAIR images at 3T. J Magn Reson Imaging 2010;31:1311-1322. [PubMed:
20512882]

20. Dale AM, Fischl B, Sereno MI: Cortical surface-based analysis. . Segmentation and surface

reconstruction. Neurolmage 1999;9: 179-194. [PubMed: 9931268]

21. Fischl B, Sereno MI, Dale AM: Cortical surface-based analysis. I1: inflation, flattening, and a

surface-based coordinate system. Neurolmage 1999;9: 195-207. [PubMed: 9931269]

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shibata et al.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Page 9

Zhang Y, Brady M, Smith S: Segmentation of brain MR images through a hidden Markov random
field model and the expectationmaximization algorithm. IEEE Trans Med Imaging 2001;20: 45—
57. [PubMed: 11293691]

Zhang Y, Galloway JM, Welty TK, Wiebers DO, Whisnant JP, Devereux RB, Kizer JR, Howard
BV, Cowan LD, Yeh J, Howard WJ, Wang W, Best L, Lee ET: Incidence and risk factors for stroke
in American Indians: the strong heart study. Circulation 2008;118: 1577-1584. [PubMed:
18809797]

Barros AJ, Hirakata VVN: Alternatives for logistic regression in cross-sectional studies: an empirical
comparison of models that directly estimate the prevalence ratio. BMC Med Res Methodol 2003;3:
21. [PubMed: 14567763]

Benjamini Y, Hochberg Y: Controlling the false discovery rate: a practical and powerful approach
to multiple testing. J R Stat Soc Series B Stat Methodol 1995;57: 289-300.

Glickman ME, Rao SR, Schultz MR: False discovery rate control is a recommended alternative to
Bonferroni-type adjustments in health studies. J Clin Epidemiol 2014;67: 850-857. [PubMed:
24831050]

Longstreth WT Jr, Bernick C, Manolio TA, Bryan N, Jungreis CA, Price TR: Lacunar infarcts
defined by magnetic resonance imaging of 3660 elderly people: the Cardiovascular health study.
Arch Neurol 1998;55: 1217-1225. [PubMed: 9740116]

Vernooij MW, van der Lugt A, Ikram MA, Wielopolski PA, Niessen WJ, Hofman A, Krestin GP,
Breteler MM: Prevalence and risk factors of cerebral microbleeds: the Rotterdam scan study.
Neurology 2008;70: 1208-1214. [PubMed: 18378884]

Roob G, Schmidt R, Kapeller P, Lechner A, Hartung HP, Fazekas F: MRI evidence of past cerebral
microbleeds in a healthy elderly population. Neurology 1999;52 :991-994. [PubMed: 10102418]

Wiseman RM, Saxby BK, Burton EJ, Barber R, Ford GA, O’Brien JT: Hippocampal atrophy,
whole brain volume, and white matter lesions in older hypertensive subjects. Neurology 2004;63:
1892-1897. [PubMed: 15557507]

Liao D, Cooper L, Cai J, Toole JF, Bryan NR, Hutchinson RG, Tyroler HA: Presence and severity
of cerebral white matter lesions and hypertension, its treatment, and its control. The ARIC study.
Atherosclerosis risk in communities study. Stroke 1996;27: 2262-2270. [PubMed: 8969791]

Graff-Radford NR, Knopman DS, Penman AD, Coker LH, Mosley TH: Do systolic BP and pulse
pressure relate to ventricular enlargement? Eur J Neurol 2013;20: 720-724. [PubMed: 23294486]

Franceschini N, Almasy L, MacCluer JW, Géring HH, Cole SA, Diego VP, Laston S, Howard BV,
Lee ET, Best LG, Fabsitz RR, North KE: Diabetes-specific genetic effects on obesity traits in
American Indian populations: the strong heart family study. BMC Med Genet 2008;9: 90.
[PubMed: 18854016]

Lee ET, Howard BV, Savage PJ, Cowan LD, Fabsitz RR, Oopik AJ, Yeh J, Go O, RobbinsDC,
Welty TK: Diabetes and impaired glucose tolerance in three American Indian populations aged
45-74 years. The strong heart study. Diabetes Care 1995;18: 599-610. [PubMed: 8585996]

Knopman DS, Griswold ME, Lirette ST, Gottesman RF, Kantarci K, Sharrett AR, Jack CR Jr,
Graff-Radford J, Schneider AL, Windham BG, Coker LH, Albert MS, Mosley TH Jr; ARIC
Neurocognitive Investigators: Vascular imaging abnormalities and cognition: mediation by cortical
volume in nondemented individuals: atherosclerosis risk in communities-neuro- cognitive study.
Stroke 2015;46: 433-440. [PubMed: 25563642]

Knopman DS, Mosley TH, Catellier DJ, Sharrett AR; Atherosclerosis Risk in Communities
(ARIC) Study: Cardiovascular risk factors and cerebral atrophy in a middle-aged cohort.
Neurology 2005;65: 876-881. [PubMed: 16186527]

de Bresser J, Tiehuis AM, van den Berg E, Reijmer YD, Jongen C, Kappelle LJ, Mali WP,
Viergever MA, Biessels GJ; Utrecht Diabetic Encephalopathy Study Group: Progression of
cerebral atrophy and white matter hyperintensities in patients with type 2 diabetes. Diabetes Care
2010;33: 1309-1314. [PubMed: 20299484]

Debette S, Seshadri S, Beiser A, Au R, Himali JJ, Palumbo C, Wolf PA, DeCarli C: Midlife
vascular risk factor exposure accelerates structural brain aging and cognitive decline. Neurology
2011;77: 461-468. [PubMed: 21810696]

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shibata et al.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 10

Tiehuis AM, van der Graaf Y, Visseren FL, Vincken KL, Biessels GJ, Appelman AP, Kappelle LJ,
Mali WP; SMART Study Group: Diabetes increases atrophy and vascular lesions on brain MRI in
patients with symptomatic arterial disease. Stroke 2008;39: 1600-1603. [PubMed: 18369167]

Toth C: Diabetes and neurodegeneration in the brain. Handb Clin Neurol 2014;126: 489-511.
[PubMed: 25410241]

Whitlow CT, Sink KM, Divers J, Smith SC, Xu J, Palmer ND, Hugenschmidt CE, Williamson JD,
Bowden DW, Freedman BI, Maldjian JA: Effects of type 2 diabetes on brain structure and
cognitive function: African American- diabetes heart study MIND. AJNR Am J Neuroradiol
2015;36: 1648-1653. [PubMed: 26206811]

Mayeda ER, Haan MN, Neuhaus J, Yaffe K, Knopman DS, Sharrett AR, Griswold ME, Mosley
TH: Type 2 diabetes and cognitive decline over 14 years in middle-aged African Americans and
whites: the ARIC Brain MRI Study. Neuroepidemiology 2014;43: 220-227. [PubMed: 25402639]
Korf ES, White LR, Scheltens P, Launer LJ: Brain aging in very old men with type 2 diabetes: the
Honolulu-Asia aging study. Diabetes Care 2006;29: 2268-2274. [PubMed: 17003305]

Araki Y, Nomura M, Tanaka H, Yamamoto H, Yamamoto T, Tsukaguchi I, Nakamura H: MRI of
the brain in diabetes mellitus. Neuroradiology 1994;36: 101-103. [PubMed: 8183443]

Moran C, Tapp RJ, Hughes AD, Magnussen CG, Blizzard L, Phan TG, Beare R, Witt N, \enn A,
Miinch G, Amaratunge BC, Srikanth V: The association of type 2 diabetes mellitus with cerebral
gray matter volume is independent of retinal vascular architecture and retinopathy. J Diabetes Res
2016;2016: 6328953. [PubMed: 27314049]

Verdile G, Fuller SJ, Martins RN: The role of type 2 diabetes in neurodegeneration. Neurobiol Dis
2015;84: 22-38. [PubMed: 25926349]

Welty TK, Lee ET, Yeh J, Cowan LD, Go O, Fabsitz RR, Le NA, Oopik AJ, Robbins DC, Howard
BV: Cardiovascular disease risk factors among American Indians. The strong heart study. Am J
Epidemiol 1995;142: 269-287. [PubMed: 7631631]

Rhoades DA, Welty TK, Wang W, Yeh F, Devereux RB, Fabsitz RR, Lee ET, Howard BV: Aging
and the prevalence of cardiovascular disease risk factors in older American Indians: the strong
heart study. J Am Geriatr Soc 2007;55:; 87-94. [PubMed: 17233690]

Jimenez-Conde J, Biffi A, Rahman R, Kanakis A, Butler C, Sonni S, Massasa E, Cloonan L,
Gilson A, Capozzo K, Cortellini L, Ois A, Cuadrado-Godia E, Rodriguez-Campello A, Furie KL,
Roquer J, Rosand J, Rost NS: Hyperlipidemia and reduced white matter hyperintensity volume in
patients with ischemic stroke. Stroke 2010;41: 437-442. [PubMed: 20133919]

Longstreth WT Jr, Arnold AM, Beauchamp NJ Jr, Manolio TA, Lefkowitz D, Jungreis C, Hirsch
CH, O’Leary DH, Furberg CD: Incidence, manifestations, and predictors of worsening white
matter on serial cranial magnetic resonance imaging in the elderly: the cardiovascular health study.
Stroke 2005;36: 56-61. [PubMed: 15569873]

Ichikawa H, Mukai M, Ohno H, Shimizu Y, Itaya K, Kawamura M: Deep white matter
hyperintensities, decreased serum low-density lipoprotein, and dilative large arteriopathy. J Stroke
Cerebrovasc Dis 2012;21: 225-230. [PubMed: 20880719]

Dietschy JM, Turley SD: Thematic review series: brain Lipids. Cholesterol metabolism in the
central nervous system during early development and in the mature animal. J Lipid Res 2004;45:
1375-1397. [PubMed: 15254070]

Goritz C, Mauch DH, Pfrieger FW: Multiple mechanisms mediate cholesterol-induced
synaptogenesis in a CNS neuron. Mol Cell Neurosci 2005;29: 190-201. [PubMed: 15911344]
Boon A, Lodder J, Heuts-van Raak L, Kessels F: Silent brain infarcts in 755 consecutive patients
with a first-ever supratentorial ischemic stroke. Relationship with index-stroke subtype, vascular
risk factors, and mortality. Stroke 1994;25: 2384-2390. [PubMed: 7974577]

Vermeer SE, Longstreth WT Jr, Koudstaal PJ: Silent brain infarcts: a systematic review. Lancet
Neurol 2007;6: 611-619. [PubMed: 17582361]

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



Page 11

‘utajosdodi] AJsuap-mo| ‘1@ ‘onel aouajenald ‘Hd ‘senisusiuiiadAy Janew auym ‘HINM ‘Buibewn soueuosal onsubew ‘IHIN

'suosiiedwiod a|diynw oy U0I1981100 Paseq a1el A1aA0dSIp 8s[e) JalJe souedIHIUBIS eonsITels selousq
¥

‘1ING pue ‘joyodje ‘Buiyows ‘uo1eanpa ‘awoaul ‘a)is ‘xas ‘abe 1oy paisnlpe sjapoj

(tztT (eTT (81T (ecz (e8'T (eeT (82T
-66°0) -16°0) -62°0) -99°0) =G1°0) =110) -8°0)
800 0T'T G0 20T v2°0 160 150 Y21 670 ITT €60 10T 6.0 Y01 1@ ybiH
(ov'T (teT (L7 (L7 (0g'z (es'T (18T
. -9T'T) . -80°T) -G6°0) -G5'0) -10T) -160) -00'T)
»1000> 121 » 1000 6T'T 9T'0 YT'T 16'0 16'0 Sv0°0 28T 120 811 Sv0'0 €T salaqeIq
(eeT (61T (09T (sTT (062 (or'z (ot'z
. -70'T) -96°0) -10'T) -2€°0) -10T) . -9T'T) . -02°'T)
» 1100 8T'T €20 10T ¥0'0 121 Z10 19'0 9700 LT »9000 19T  1t000 65T  uoisuauadAH
(fe} (fe} (fe] (fe] (o] (fe]
anend  94G6) ¥d anfend  0656) dd  enfend  9p56) Md  enjeAad  04G6) Hd enjeAd  94G6) Wd anfend (12 %G6) dd ~ anfend  94G6) Hd
Z-T sapeub sjo1a1usn Z-T sopeJb [eo|ns Z2-T sapeab HINM auou 10JBJUI OU "SA Ajuo 10Je4Ul 10Je4Ul
‘SA +€ apeJd a|a1IIusA ‘SA +€ apeJB [esns ‘SA +€ apeab HINM 'SA abeyaiowsH 1o4BJUI JBUNDR|-UON OU "SA 1oJejul Jeunde] 0U "SA 104BjUl AUy

Shibata et al.

SsURIpU| UBILIBWY AJJBPIS Ul [HIN [IURID [2IN1ONJIS WO SaII[ewioude ulelq JO sBUIPULL UIIM S10108) XSLI Je|NISeAOIp.Ied [BIUI]D JO SUOIRID0SSY

‘Tal1qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



Page 12

‘uisroldodi] Aisuap-moj 1@ faanssaid poojqg d1jolselp ‘dga ‘ainssaid poojq 91j01SAS ‘dgS ‘o1res aousfenald ‘Hd ‘senisuaiunadAy Janew alym ‘HINM ‘Bulbewr soueuosas onaubew ‘1YIN

‘1ING pue ‘joyodje ‘Buiyows ‘uo1jeanpa ‘awoaul ‘a)is ‘xas ‘abe 1oy paisnlpe sjapolN

(toT (00T (00T

(00'1-66°0) (00'1-66°0) (00'1-660) -66°0) (T0'1-66°0) —66'0) —66'0) p/Bw

120 660 820 660 900 00T 86'0 00T 1.0 00T 80°0 00T €e0 00T a1
(zoT (z0'T (T0'T

(T0'1-66°0) (T0'1-66°0) (20'1-66'0) -16°0) (€0'1-66°0) —66'0) —66'0) BH

250 00T o 00T 80°0 10T 0.0 660 850 10T 850 00T 150 00T  Wuw'daqa
(#00°T (toT (10T (T0'T

-000'T) (00'1-66°0) (T0'1-66'0) -66°0) (z0'1-10T) -00'T) -00'T) BH

¥0°0 2007 Geo 00T 070 00T 180 00T 1000 10T ¥T°0 00T €000 10T wuw ‘4gs

(zoo'T (toT (00T p/Bw

-100'T) (00'1-66°0) (00'1-660) -66°0) (T0'1-66°0) 00'T-66'0) —66'0) ‘asoon|f

2000 T00°T €20 00T 9T’0 00T €€0 00T 0£0 00T 6.0 00T 170 00T Bunseq
(o) (o) (o) (fe} (fe} ((fe] (o)
anfend %G6) dd  anfead %G6) 4d  anfead %G6) ¥dd  enfend  94G6) dd  enfead %G6) dd  anead  9pG6) dd  enfeAd  94G6) ¥d
Z-T sapeab ajo1a1usn Z-T sapeJb |es|ns Z-T sopeab HINM auou 19JB}UI OU "SA AJuo 10JejUl OU 10JeyUl
‘SA +€ apeJb a|911usA ‘SA +€ apeub [es|ns ‘SA +€ apeab HINM "SA afeyauowsH 10JB4U| JBUNJR|-UON *SA 10JeJUI JBUNJeT] 0U "SA JoJejUl Auy

Shibata et al.

SuBIpU| UBOLIBWY AJJap]8 Ul [YIA [RIURID [RINJONIS W) SaNIjBWIOUGR Ureid JO SBUIpUL YIIM S8INSeaLl Je[NOSEAOIPIRD [eD1UI[D JO SUOIRID0SSE AIepuodas

‘¢ 9|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



Page 13

Shibata et al.

‘uigjosdodi] Aysuap-moj ‘1@ ‘sanisuauiadAy Jsnew apym ‘HIAM Buibewi aoueuosal onaubew ‘YN

‘suosiiedwod a1dinw J0j UO1II81103 Paseq d1el AIBA0JSIP as|e} Jale aduedlyIubIs [eonsiieIS
¥

"3WNJOA D] pUe ‘[Ng [0YOod[e ‘Buinows ‘UuoIeInpa ‘awoaul ‘a)s ‘xas ‘afe 1oy paisnipe sjapoN

LT0 (982 01 ¥9'€T-) ¥9'G- v90 (8900} TT'T-) 220 220 (TZ'0 01 50'0-) 80°0 a7 ubiH

»1000>  (gp'g-0179€2-) 09T~ 820  (Y€TO16€0-) b0 820 (90001 TZ'0-) 00~ sejeqeIq

90 (60T 01686-) 120  «100  (pezor0g0)2€T S0 (€20010T0-)900  UoisusuedAH
anjead (10 %56) d  enjead (10 %s6) d  enpend (10 %s6) d
¢Wo Jad ‘awnjoA ureag cWo Jad ‘awnjoA HINM W a3d ‘awinjon fedweooddiH

SUBIPU| UBOLIBWY AJ48p]8 Ul [HIA [RIURID [2INIONIIS W) SSWUNJOA UIRIC PalBLISS YIIM SI0108) Y%S1I Je|NISLAOIPIRD [BIUI[D JO SUOIRID0SSY

Author Manuscript

‘€ 9l1qeL

Author Manuscript Author Manuscript Author Manuscript

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



Page 14

Shibata et al.

‘urajosdodi] Aysuap-moj ‘1@ ‘eanssaid poojq od1joiselp ‘dgq ‘ainssaid poojq 21101sAS ‘dgs senisusiuuadAy Janew auym ‘HIAM ‘Buibewn soueuosal onsubew ‘1Y N

3WNJOA D] pue ‘[Ig [0Y0d[e ‘BuInoLS ‘UoIeINPa ‘BWooul ‘a)Is ‘Xas ‘afe 104 paisnipe s|apolN

yT'0  (6T001€00-)800 220  (S00001200-) T00- 890  (T00°0 0} 200°0-) 000 0~ Tp/bw a7

/80  (¥€00107'0-) €00- 100 (01°0 03 70°0) S0'0 190 (5000 03 800°0-) T00'0- BH ww 'daa

60  (0T'001G2'0-)80'0- 9000 (900 03 70°0) £0°0 200 (1T00°0- 01 L00°0-) Y000~ BH ww das

0€0 (Y0001 ZT0-)¥00- 850  (TO00ITO0-) 2000  2z0  (T00'00}Z00'0-) 8000~  “1p/Bw ‘as0on|B Bunse4
anjead (10 %s6) §  enjead (10 %s6) d  enpead (10 %s6) ¢
¢Wo Jad ‘awnjoA ureag ¢Wo 1ad ‘awnjon HIANIM ¢Wwo aad ‘awnjoA jedwesoddiH

SUBRIPU| UBOLIBWY AJ48p]8 Ul [HIA [RIURID [2INIONIIS W) SBLUNJOA UIRIC PaIBLLISS YIIM S8INSEaLl Je[NOSEAOIPIRD [eD1UI[D JO SUOIRID0SSE AIepuodas

Author Manuscript

‘v al|qeL

Author Manuscript

Author Manuscript

Author Manuscript

Neuroepidemiology. Author manuscript; available in PMC 2020 January 28.



	Abstract
	Introduction
	Methods
	Participants
	MRI Procedures
	Covariates and Risk Factors
	Statistical Procedures

	Results
	Risk Factors and MRI Findings

	Discussion
	Conclusion
	References
	Table 1.
	Table 2.
	Table 3.
	Table 4.

