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Cardiovascular Risk Factors Predict the Spatial Distribution of White Matter Hyperintensity 

 

Abstract 

Objectives: To identify the different spatial distribution of white matter hyperintensity (WMH) 

associated with specific risk factors and use this distribution to estimate the extent of risk factor 

associated WMH in an individual. 

Materials and Methods: MRI brain images were obtained from 2066 healthy adult participants 

(858 males, 1208 females; mean age: 50) from a population based sample. An automated 

algorithm generated each participant’s WMH distribution, registered onto the MNI-152 standard 

template. For univariate analysis, each risk factor group was compared to the non-risk factor 

group. Voxels in which WMH frequency was significantly higher (p<0.05) in the risk factor 

group were mapped. Multivariate analysis consisted of subgroup analysis to minimize 

confounding of a risk factor on the others.  

Results: 431891 MNI-space voxels comprised WMH distribution of the entire population. For 

univariate analysis, 23697 voxels (5.5%) of these voxels were exclusively associated with 

hypertension and were prevalent in the anterior frontal lobe. Similarly, 24637 voxels (5.7%) 

were exclusively associated with diabetes and were prevalent at the callososeptal interface. 7315 

voxels (1.7%) were only associated with hypercholesterolemia and did not form a discrete spatial 

distribution. 282115 voxels (65.3%) were not associated with any of the specified risk factors. 

Multivariate results corroborated the univariate findings. 

Conclusions: Each risk factor was associated with a different spatial distribution of WMH. 

Hypertension was associated with WMH in the anterior frontal lobe and diabetes was associated 

with WMH in the callososeptal interface. 
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Introduction 

 White matter hyperintensity (WMH) is brain white matter with high intensity on FLAIR 

and T2-weighted MRI. While its pathophysiology is incompletely understood, WMH is 

associated with certain cardiovascular risk factors, such as hypertension and diabetes (1-3). 

Hypercholesterolemia, conversely, has been shown to be associated with decreased WMH 

volume (4, 5). Normal aging is also an important contributor to increased WMH volume (6-8). 

 WMH has been considered a marker of end organ damage in the brain (7, 9). similar to 

microalbuminuria being a marker for end organ kidney damage in diabetes (10). However, given 

the independent effect of aging on total WMH volume, it would be import to identify whether a 

WMH lesion represents risk factor associated end organ brain injury or is related to aging. 

 The literature suggests that patients with cardiovascular risk factors may have different 

spatial distributions of WMH compared to individuals without these risk factors (11, 12). If there 

is a characteristic distribution of WMH associated with a particular cardiovascular risk factor, the 

finding of this distribution could indicate a more specific target for aggressive management. Our 

hypothesis is that cardiovascular risk factors (specifically hypertension, diabetes mellitus, and 

hypercholesterolemia) each have different spatial distributions of WMH.  

 The questions addressed in this study were: [1] is the spatial distribution of WMH 

different in individuals with a specified cardiovascular risk factor compared to that in individuals 

without the risk factor? [2] does the spatial distribution in individuals with the risk factor differ 

from that in individuals with other risk factors? 
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Materials and Methods 

 

Experimental design 

This cross-sectional study was Health Insurance Portability and Affordability Act 

compliant and had institutional review board approval. All data were obtained as part of a multi-

ethnic, population-representative study of cardiovascular disease. This is the first study to 

analyze the spatial distribution of WMH using this cohort. 

Each participant’s MRI images were analyzed using an existing, automated algorithm to 

determine the location of voxels with WMH. 

For univariate analysis, the population was divided into two groups depending on the 

presence of a risk factor. The prevalence of WMH in the two groups was compared at each 

voxel, and voxels in which WMH was significantly more prevalent in the risk factor group were 

determined creating a “spatial distribution map” for that risk factor. Figure 1 demonstrates the 

general process used for univariate analysis. 

For multivariate analysis, each risk factor group was divided into four subgroups based 

upon the presence or absence of the other two risk factors. Each subgroup was compared against 

the population lacking the original risk factor and all voxels of WMH significantly more 

prevalent in the subgroup were identified. The statistically significant voxels common to all four 

subgroup analyses were considered to be associated with the original risk factor, independent of 

the other two risk factors. (See Figure 1) 

Study Population 
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The study population consisted of 2066 participants who underwent brain imaging as part 

of the original population representative study. 1478 of these participants were recruited using 

population-based sampling. The remaining 588 participants consisted of relatives of the 1478 

participants, chosen randomly from the original sample. (See Table 1) 

MR Imaging 

The images were acquired using a 3T MRI system (Achieva, Philips Medical Systems). 

An 8 channel phased array head coil was used. The 3D MP-RAGE (Magnetization-Prepared 180 

Degrees Radio-Frequency Pulses and Rapid Gradient-Echo (13)) images were acquired with 

TR/TE = 9.6/5.8 msec, flip angle = 12°, SENSE factor = 2, field of view (FOV) = 260 x 260 

mm, 2 mm slices spaced at 1 mm intervals, Rows x Cols x Slices = 288 x 288 x 140, and voxel 

size of 1 x 0.9 x 0.9 mm. The 2D FLAIR (Fluid Attenuated Inversion Recovery) images were 

acquired with TR/TE/TI = 11,000/130/2800 msec, ETL = 44, SENSE factor = 2, FOV = 250 x 

250 mm, 4 mm slices with a 1 mm gap, Rows x Cols x Slices = 560 x 560 x 32,and voxel size of 

5 x 0.45 x 0.45. 

Identifying White Matter Hyperintensities and Registration to a Standard Brain Template 

 The automated WMH quantification method has been described elsewhere (14). Briefly, 

for each subject, a data derived threshold was applied to the FLAIR intensities to identify 

hyperintense white matter voxels. The resulting WMH masks formed a binary WMH map for 

each participant. The WMH masks were then registered onto the template MNI-152 atlas 

(Montreal Neurological Institute) in which one voxel corresponds with 1 mm
3 

in a standardized 

brain. All results reported in this study are derived from the MNI-152 space WMH maps and 

plotted on ICBM 152 nonlinear atlases (15). During review, two neuroradiologists assessed each 
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MRI and no evidence of other white matter disease, such as stroke or multiple sclerosis, was 

noted. 

Risk Factors Definitions 

 A multidisciplinary committee as part of the original population based study developed 

criteria for assigning a participant to each risk factor group. Hypertension was defined as having 

an average systolic blood pressure ≥140 mmHg or an average diastolic blood pressure ≥90 

mmHg from 3 separate visits or undergoing current treatment with antihypertensive medication. 

Diabetes mellitus was defined by self-report accompanied by use of anti-hyperglycemic 

medication, elevated serum glucose (fasting > 126 mg/dL [7.0 mmol/L] or non-fasting glucose > 

200 mg/dL [11.1 mmol/L] (16). Hypercholesterolemia was defined as a fasting low-density 

lipoprotein cholesterol level greater than 160 mg/dL (4.1 mmol/L), non-fasting direct low-

density lipoprotein cholesterol greater than 200 mg/dL (5.2 mmol/L), nonfasting total cholesterol 

level greater than 200 mg/dL (5.2 mmol/L), or use of statin medication. 

Univariate Statistical Analysis 

For each risk factor, the population was divided into two groups: those with the risk 

factor and those without it. For each group, the prevalence of WMH at each voxel was 

determined. Then the prevalence at each voxel was compared between the two groups using a 

nonparametric two-tailed permutation test (17). The permutation test was chosen over the chi 

square test and Z-test due to its superior accuracy when dealing with low proportions, as is seen 

in the prevalence of WMH. Additionally, permutation tests provide adequate power and low 

false positive rates for multiple comparison tests (18, 19). To perform this test, we created a 

program that pooled every voxel value across all participants and then randomly redistributed 

them into two subgroups, thus generating a permutation. The null hypothesis states that the 
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values of both groups are derived from the same distribution of values. If the alternative 

hypothesis (that the values of the group are derived from different distributions) were correct, 

randomly redistributing the values would generate a more extreme mean difference less than 

alpha percent of all permutations. The overall α was set at 0.05. 5000 permutations were 

performed for each statistical test. Every statistically significant voxel that was more prevalent in 

the risk factor group was mapped onto a standard template brain. Voxels that were only 

associated with one risk factor group, but not associated with the other two risk factor groups in 

univariate analysis, were isolated and mapped onto risk factor exclusive spatial distribution 

maps. 

Multivariate Statistical Analysis 

 Each risk factor group was divided into four subgroups based upon their presence or 

absence of the other two risk factors, using multivariate risk stratified analysis (20). 

For example, for hypertension, the hypertensive population was split into individuals 

with diabetes, without diabetes, with hypercholesterolemia, and without hypercholesterolemia. 

Each of these subgroups was compared with the normotensive population using permutation 

analysis like the one described for univariate analysis. The statistically significant voxels 

common to all four subgroups analysis were considered to be associated with hypertension, 

independent of the effects of diabetes and hypercholesterolemia. 

For the majority of subgroups, the average age differed from the population mean 

substantially.  Since age is an important contributor to the morbidity of each risk factor, this 

phenomenon was countered by employing scalar weighting of participants in the subgroup based 

upon age to achieve a mean age for the subgroup similar to the mean age of the population. 
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Results 

 

 Every participant in the study had WMH, with a median value of 1163 WMH voxels with 

quartiles 1 and 3 being 779 and 1908 voxels respectively.  

  The original sample of 1478 participants had a slightly lower mean age than the overall 

population (51 vs. 50 years). Additionally, the original sample had a slightly smaller percentage 

of females than the overall population (56% vs. 58%). The percentage of hypertensives was 

similar in both groups (47%). The percentage of diabetics in the original population was slightly 

greater (14% vs. 13%) as was the percentage of individuals with hypercholesterolemia (28% vs. 

26%). 

Univariate Results 

 Each risk factor had a spatial distribution distinct from the non-risk factor population’s 

distribution and distinct from the other risk factors’ distributions. Figures 3 and 4 contain the 

significant voxels for these tests mapped onto a standard brain template for each risk factor. 

 For the hypertensive subpopulation (including those with and without other risk factors), 

the total WMH distribution consisted of 370678 voxels (86.5% of the entire population’s 

distribution of 428620 voxels). Similarly, the diabetic subpopulation’s WMH distribution 

consisted of 241169 voxels (56.3%) and the hypercholesterolemia subpopulation’s WMH 

distribution consisted of 292313 voxels (68.2%). Table 2 provides data about the number of 

significant voxels in various subgroups. (See Table 2) 

Areas only associated with hypertension were located primarily in the anterior frontal 

lobe, especially in the deep and subcortical white matter. WMH specific to only diabetes was 

notably present along the midline brain. Since we did not expect to find midline brain WMH, the 
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original FLAIR images of ten randomly selected participants with suspected midline brain 

findings were reviewed by a neuroradiologist. The FLAIR images of all ten participants 

demonstrated WMH in the corpus callosum at the callososeptal interface. Additionally, 

hyperintensity findings were located in the septum pellucidum.  (See Figure 2) 

While voxels associated with hypercholesterolemia were widespread, there was no 

unique and discreet pattern associated with hypercholesterolemia (Figure 3). While previous 

literature has suggested that hypercholesterolemia is associated with a decreased volume of 

WMH in certain subgroups (4), our data contradicted this finding. The average participant with 

hypercholesterolemia had 2844 voxels of WMH, while the average participant without 

hypercholesterolemia had 1936 WMH voxels (p<0.0001 in one tailed Mann Whitney U test). 

(See Figure 3) 

All three risk factors were independently associated with WMH in the areas surrounding 

the frontal and posterior horns of the lateral ventricles. Additionally, all three risk factors had 

small yet sizable associated regions in the posterior brain, around the watershed zone between 

the middle cerebral and posterior cerebral arteries. These regions extended slightly into the 

occipital lobe, though outside this narrow zone, the occipital lobe did not demonstrate any risk 

factor associated areas. 

Deep white matter regions lateral to the body of the lateral ventricles were less likely to 

be significantly associated with a risk factor. Regions posterior to the posterior horns of the 

lateral ventricles also demonstrated less association with a risk factor. The temporal lobe did not 

contain risk factor associated regions. Furthermore, subcortical WMH throughout the cerebral 

hemispheres was not associated with any risk factor. (See Figure 4) 

 

Multivariate Results 
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 For the multivariate analysis, there were 11729 statistically significant voxels common to 

all subgroups of hypertension. There were 20597 voxels common to all subgroups of diabetes 

and 5389 voxels common to all subgroups of hypercholesterolemia. Hypertension-common 

voxels were notably present in the frontal regions and absent from the midline brain. Diabetes-

common voxels were notably present along the brain midline and absent from the frontal 

regions. Hypercholesterolemia-common voxels were not clustered in any discreet region. (See 

Figure 5) 

 

Discussion 

 The results of the study show that risk factor populations do have different distributions 

of WMH than non-risk factor populations. WMH associated with hypertension, diabetes, and 

hypercholesterolemia shared common spatial territories, but each risk factor was also associated 

with different regions. 

It has previously been established that cardiovascular risk factors are associated with 

increased WMH volumes; as a result, WMH is considered to be a marker for cerebrovascular 

injury in the brain and therefore risk factor associated end organ brain injury. In previous studies 

of stroke victims and elderly individuals, hypercholesterolemia has been shown to be associated 

with decreased volume of WMH, though our data, derived from community dwelling adults, do 

not support this finding (4). In the process of normal aging, WMH increases even when adjusted 

for risk factors (7). Our study focuses on the varying patterns of WMH with respect to 

cardiovascular risk factors, even against the background of age associated brain changes. 

Identifying the voxel patterns that are associated only with a specific cardiovascular risk factor 
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could allow a more specific assessment of the patient’s extent of vascular injury or end organ 

brain injury from risk factors. 

  WMH associated with hypertension was especially abundant in the frontal lobe, which 

was not seen with diabetes or hypercholesterolemia. These areas were clustered around the 

watershed zone between territories covered by the anterior and middle cerebral arteries. In other 

studies of the impact of hypertension on the brain, pathologic changes were seen in the frontal 

lobe, supporting our findings (21). In these previous studies, hypertension was shown to be 

associated with smaller prefrontal cortices, increased frontal WMH volume, and executive 

dysfunction. Therefore, the evidence suggests that WMH found in the frontal lobe is 

significantly more likely to be associated with hypertension than other risk factors. 

Hyperintensities linked to diabetes were uniquely present in the midline brain, 

corresponding to the corpus callosum at the callososeptal interface as well as in the septum 

pellucidum. Corpus callosum white matter lesions have been associated with traumatic brain 

injury and multiple sclerosis in previous case studies. However, other evidence has indicated that 

vascular injury might impact the corpus callosum. In a case review of patients with ischemic 

injury, lesions were found to be asymmetric and located in the medial aspect of the corpus 

callosum, similar to our statistical distribution for diabetes, a vascular disease (22). In another 

case study, diabetics were found to have decreased volumes of their corpora callosa (23). WMH 

in the callososeptal interface of diabetics could serve as a marker for diabetic white matter injury 

and additionally, corpus callosum injury could potentially present with clinical manifestations in 

patients with advanced diabetes. The clinical manifestations of corpus callosum injuries are 

varied, but they are associated with neuropsychiatric syndromes (24). The presence of 
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hyperintensities at the septum pellucidum on FLAIR may serve as a useful marker for diabetic 

brain injury. 

 Areas of WMH associated with all three risk factors were located adjacent to the anterior 

and posterior horns of the lateral ventricle. In previous pathological studies, the periventricular 

caps of WMH were associated with loss of ependymal lining, possibly secondary to local 

ischemia (25). As a result, our findings suggest that ependymal injury may be due to the vascular 

risk factors analyzed in our study. 

Hypercholesterolemia was significantly associated with substantially less voxels of 

WMH than either hypertension or diabetes. Moreover, there were few sizable contiguous clusters 

of WMH associated with hypercholesterolemia. However, our results disagree with prior studies 

that suggest that hypercholesterolemia is associated with decreased volume of WMH.  

 The multivariate analysis confirmed the univariate results that showed that hypertension 

was significantly associated with the frontal lobe, independent of diabetes and 

hypercholesterolemia. Similarly, diabetes was significantly associated with the midline brain, 

independent of the hypertension and hypercholesterolemia. The multivariate data supports the 

conclusions of the univariate data for each risk factor and minimizes the issue of confounding 

due to the other two variables. 

There are prior studies which attempt to explore the importance of spatial distribution of 

WMH with relationship to cardiovascular risk factors. DeCarli et al. investigated the hypothesis 

that vascular risk factors and age had stronger associations with periventricular WMH than deep 

WMH. They concluded that the arbitrary division of WMH into these anatomic groups did not 

yield any association with the risk factors they studied (12).  
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More recently, Rostrup et al. analyzed the distribution of WMH associated with vascular 

risk factors and performed their analysis on a voxel by voxel basis. For each voxel, they 

determined the strength of association between the probability of WMH at that voxel and the 

severity of the risk factor (11). However, their sample population was the LADIS study, a 

convenience sample drawn from multiple sites across Europe, in which participants were 

enrolled on the basis the presence of WMH on MRI. Their study consisted of 605 subjects with 

ages ranging between 65-84 with a mean age of 74.  

Our study applies voxel based analysis to a large cohort of 2066 participants sampled 

from a single site study, population-based sample with an age range of 18 to 85 with a mean age 

of 50. This reduces the potential for referral bias and allows us to investigate the effects of risk 

factors in younger people. Our data suggest that WMH is present even in our younger and 

healthier cohort, potentially allowing the opportunity to intervene at an earlier age. 

We also compared risk factors with each other, not just in comparison to a control 

population. Also, Rostrup’s method consists of correlation analysis between the severity of a risk 

factor associated variable and the prevalence of WMH. This analysis provides less ability to 

detect effects caused by the long duration of a risk factor of mild severity. Given that most 

patients with a risk factor only have mild or moderate severity, correlation analysis may miss 

important findings. In contrast, our analysis does not evaluate the severity of a risk factor 

associated variable, but instead only evaluates for the risk factor’s presence or absence. 

Our study is limited by the possible effect of confounding bias, particularly in the 

univariate analysis.  The multivariate analysis minimizes confounding due to the specified 

variables that were analyzed, due to its co-analysis of the variables. A further limitation is that 

our analysis determines a single time point association of voxels with risk factors and is not 
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prognostic of disease progression. As a result, our study can only determine association, not 

causation between risk factor and WMH. 

 

In conclusion, our study demonstrated that each risk factor was associated with different 

spatial distributions of WMH: hypertension was associated with WMH in the anterior frontal 

lobe and diabetes was associated with WMH in the callososeptal interface. Importantly, no a 

priori assumptions were made dividing the brain into functional or vascular territories; as a result 

the data are not influenced by divisions that may not hold significance to the underlying 

pathophysiology of WMH. Our results suggest that these cardiovascular risk factors are 

associated with different anatomic locations of end organ brain injury. Knowing the preferential 

associations of risk factors may allow increased specificity when assessing the extent of risk 

factor associated white matter injury in the brain. We would direct future studies to determine if 

aggressive treatment of individuals with risk factor characteristic WMH distribution leads to 

lower white matter lesion burden.   
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Table 1: Study Population Demographics 

  Hypertension Diabetes Hypercholesterolemia 

Total 

Population 

Number of 

participants  962 269 567 2066 

Sex      

 Male 377 123 258 858 

 Female 585 146 309 1208 

Race      

 

Non-

Hispanic 

White 269 60 236 750 

 

Non-

Hispanic 

Black 582 153 252 975 

 Hispanic 93 46 67 292 

 Other 18 10 12 49 

Mean Age  54 55.3 55 50.1 

Mean Systolic 

Blood Pressure  143.1 139.1 134 131 

Mean Diastolic 

Blood Pressure  84.6 81.5 80.5 80.4 

Mean 

Hemoglobin 

A1C  5.9 7.6 5.9 5.7 

Mean Total 

Cholesterol  192 185.2 208.7 194 
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Table 2: Numbers of Statistically Significant Risk Factor Associated Voxels in Univariate 

Analysis 

 Number of Voxels  Percent of Total WMH 

Distribution 

Total Distribution of WMH 

Across Study Population 

431891 100% 

WMH present in ≥ 10 

participants 

86719 20.1% 

Hypertension Associated 
a 

62877 14.6% 

Diabetes Associated 60906 14.1% 

Hypercholesterolemia 

Associated 

33427 7.7% 

Hypertension Associated Only
 a 

23697 5.5% 

Diabetes Associated Only 24637 5.7% 

Hypercholesterolemia 

Associated Only 

7315 1.7% 

Associated with all three risk 

factors 

15956 3.7% 

No association with any risk 

factor 

282115 65.3% 

a
 “Hypertension associated” refers to all voxels associated with hypertension. “Hypertension 

associated only”, refers to all voxels associated with hypertension that were not associated with 

either diabetes or hypercholesterolemia. 
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Figure Captions: 

 

Figure 1: Overall Study Design 
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Figure 2: FLAIR MRI of participant with diabetes demonstrating WMH in the corpus callosum 

at the callososeptal interface and hyperintensity in the septum pellucidum. 
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Figure 3: WMH Regions Exclusively Associated with One Risk Factor in Univariate Analysis. 

Statistical Maps on a standardized brain template showing voxels that are only associated with 

Left Column) hypertension, Middle Column) diabetes, and Right Column) hypercholesterolemia. 
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Figure 4: WMH regions associated with all three risk factors (left) and regions associated with 

no risk factor (right). 

 

  



26 
 

Figure 5: Multivariate Analysis Statistical Maps. Statistical maps on a standardized brain for 

voxels independently associated with hypertension (left) and diabetes (right). Notably, 

hypertension is independently associated with frontal brain regions, while diabetes is 

independently associated with midline structures. 

 


