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Abstract

Background: Using magnetic resonance diffusion tensor imaging (DTI), we previously showed 

a cross-sectional association between carotid-femoral pulse wave velocity, a measure of aortic 

stiffness, and subtle white-matter injury in clinically asymptomatic middle-age adults. While 
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coronary artery calcium (CAC) is a robust measure of atherosclerosis, and a predictor of stroke 

and dementia, whether it predicts DTI-based subtle white-matter injury in the brain remains 

unknown.

Methods: In Framingham Heart Study, an observational study, third-generation participants were 

assessed for CAC (2002–2005) and brain magnetic resonance imaging (2009–2014). Outcomes 

were DTI-based measures; free water, fractional anisotropy (FA), and peak width of mean 

diffusivity. After excluding the participants with neurological conditions and missing covariates, 

we categorized participants into three groups according to CAC score (0, 0 < to 100, and > 100), 

and calculated a linear trend across the CAC groups. In secondary analyses treating CAC score as 

continuous, we computed slope of the outcomes per 20–80th percentiles higher log-transformed 

CAC score using linear regression.

Results: In a total of 1052 individuals analyzed (mean age 45.4 years, 45.4 % women), 71.6, 

22.4, and 6.0 % had CAC score of 0, 0 < to 100, and > 100, respectively. We observed a significant 

linear trend of FA, but not other measures, across the CAC groups after multivariable adjustment. 

In the secondary analyses, CAC was associated with lower FA in men, but not in women.

Conclusions: CAC may be a promising tool to predict prevalent subtle white-matter injury of 

the brain in asymptomatic middle-aged men.
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INTRODUCTION

Coronary artery calcium (CAC) is a well-established marker of atherosclerosis1 and is 

known to predict non-cardiac outcomes2 including stroke3 and low cognition4 and/or 

dementia5,6. The speculated mechanism for CAC to predict those brain diseases is the 

coexistence of CAC and subclinical cerebrovascular diseases (SCVDs)7 given the systematic 

nature of atherosclerosis. Similarly, arterial stiffness measured as carotid-femoral pulse wave 

velocity (CFPWV), among many tonometer measures, has been considered a promising 

predictor of brain health as it predicted cognitive decline/dementia and SCVDs in some, but 

not all8, populations9.

Many previous studies relied on conventional magnetic resonance imaging (MRI) techniques 

in assessing SCVDs. In recent years, however, more subtle white-matter injury can be 

detected using diffusion tensor imaging (DTI)10,11. Detecting subtle white-matter injury 

with the new technique in otherwise asymptomatic individuals has a great potential for early 

intervention and prevention for brain health. Using the new technique in the Framingham 

Heart Study, we reported that hypertension12 and high CFPWV13 were associated with 

subtle white-matter injury among young to middle aged adults who were likely years before 

white-mater hyperintensities detection by conventional MRI. Yet, it remains unknown 

whether CAC can predict subtle brain injury in adults of those ages. Furthermore, the 

magnitude of association between CAC and brain injury may not be as strong as that of 

CFPWV. Since CAC is currently one of the few “extra” modalities recommended by the 

2019 ACC/AHA guidelines for primary prevention of cardiovascular diseases14, we are 
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interested in CAC as a potential candidate marker for detecting subtle brain injury that may 

be influenced by systematic atherosclerosis15.

The primary aim of the study was to examine an association between CAC and measures of 

white-matter injury in the young to middle aged adults who are free of brain diseases. We 

assess usefulness of CAC in predicting the overall level of subtle white-matter injury using 

averages of DTI-based measures in the entire white-matter of the brain. The secondary aim 

was to compare the strength of association of CAC with white-matter injury and that of 

CFPWV by standardizing them in a regression model. CAC and CFPWV are non-invasive 

modalities that are commonly used and suitable for screening for primary prevention. The 

results will have a potential impact on selecting a clinically useful marker in predicting 

subtle brain injury.

METHODS

Study participants

Among the third-generation cohort of the Framingham Heart Study (FHS)16, a subgroup of 

participants underwent multi-detector row computed tomography (MDCT) for CAC 

assessment in 2002–2005 (n=2,087)17. Of the total of 3,519 participants who attended the 

2nd examination, 2,034 individuals had successful arterial tonometry measures including 

CFPWV in 2008–2011, and further underwent brain MRI in 2009–201413. A total of 1,107 

participants completed those exams and imaging. For the current study, we excluded those 

participants who had prevalent stroke (n = 4) and other neurological conditions (n = 41) 

based on the information available at the time of brain MRI. None of the participants were 

diagnosed with dementia by the Diagnostic and Statistical Manual of Mental Disorders IV18 

at the MRI examination. Additionally, we excluded those with missing pertinent data (n 

=10) leaving 1,052 individuals for analysis. The institutional review board of Boston 

University Medical Center approved this study protocols, and participants provided written 

informed consent. Patients or the public were not involved in the design, or conduct, or 

reporting, or dissemination plans of our research. Because of the sensitive nature of the data 

collected for this study, requests to access the dataset from qualified researchers trained in 

human subject confidentiality protocols may be sent to FHS at dipersio@bu.edu, website 

https://framinghamheartstudy.org/fhs-for-researchers/data-available-overview/.

Clinical examination and definition

All the participants’ information used in the study other than age, CFPWV, and DTI-based 

measures were assessed at second clinical examination (2008–2011). We used age assessed 

at CT scan. The standard clinical examination included a physician interview, physical 

examination and laboratory tests. Information on age, sex, height and weight were assessed 

at physical examination. Smoking status, medication, history of cardiovascular diseases and 

diabetes were obtained at the interview. Any treatment information was from participants’ 

prescription lists. Systolic blood pressure (SBP) was measured using a mercury column 

sphygmomanometer on the left arm of seated participants by two physicians separately and 

the average of these values were used. Fasting serum cholesterol was measured 

enzymatically. Fasting plasma glucose was measured with hexokinase regent. Participants 
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were considered to be current smokers if they reported smoking at least one cigarette per day 

for the last year. Diabetes was defined as a fasting glucose ≥ 126 mg/dL or treatment with 

either insulin or a hypoglycemic agent at the second-round exam. Body mass index (BMI) 

was calculated as weight (kilogram) divided by the square of height (meter), and obesity was 

defined as BMI ≥ 30 kg/m2.

Imaging and tonometry

Participants were imaged on an eight-slice MDCT scanner (LightSpeed Ultra, General 

Electric, Milwaukee, WI)17. All CT scans were read independently by an experienced reader 

for the presence and amount of CAC. The amount of CAC was defined by the Agatston 

score multiplying the area of each lesion with a weighted attenuation score dependent on the 

maximal attenuation within the lesion19. CFPWV values were calculated from tonometry 

waveforms and body surface transit distance20. MRI of the brain was performed with a 1.5T 

Siemens Avanto scanner (version syngo MR B15). All the participants were acquired on the 

same machine, using the same protocol (see Supplemental material for details).

We utilized three DTI-based measures as our outcome of interest: free water (FW)21, 

fractional anisotropy (FA), and peak width of skeletonized mean diffusivity (PSMD)22. FW 

refers to the fraction of extracellular water content contained in a voxel of the white matte 

tissue, and reflects the amount of water molecules that are relatively unrestricted by their 

local microenvironment. FA reflects how water directionality is constrained along white 

matter tracts. When the white matter tissue is healthy, molecules are hampered by axons and 

their myelin sheaths and diffusion becomes anisotropic (FA close to 1). Inversely, when the 

tissue is injured, diffusion becomes isotropic (i.e. FA close to 0). PSMD was designed to 

eliminate the contaminating signal of cerebrospinal fluid from DTI-derived mean diffusivity 

(MD; a mean of all three axes of the diffusion) maps 22. PSMD is calculated as the 

difference between the 95th and 5th percentiles of MD values within a white matter tract 

skeleton, taking a value around 0.245 ×10−3 mm2 /s calculated on the basis of previous 

report (age range from 38 to 58) (see Supplemental Table I for more details). Recent studies 

on those biomarkers showed associations between white-matter integrity and vascular risk 

factors, even in the younger adult population, decades before white matter hyperintensities 

appear or cognitive function declines12,23,24.We had no a priori hypothesis about which of 

the three DTI-based measures would be most important because each of the measures has 

unique feature as described above.

Statistical analysis

For the primary aim, we divided participants into three groups according to their CAC scores 

(0, 0 < to 100, and >100). Then we computed adjusted difference of DTI-based measures in 

the higher CAC groups in reference to no CAC group (CAC score = 0) using linear 

regression. Of the three DTI-based outcomes, we used natural log-transformed values for 

mean FW (lnFW), and PSMD (lnPSMD) to reduce heteroscedasticity. In Model 1, we 

adjusted for sex, age at CT, age at CT squared (to allow non-linear association between age 

and DTI-based measures), and time between at CT and MRI because those measurements 

differed in time point. In Model 2, we further adjusted for conventional vascular risk factors: 

current smoker (yes/no), SBP (mmHg), total cholesterol (mg/dL), diabetes (yes/no), 
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medications for hypertension (yes/no) and for dyslipidemia (yes/no), and total cranial 

volume (TCV, mL). The adjustment for TCV is conventional in the research field25,26 

because TCV is shown to determine DTI-based measure25, although we repeated the 

analysis without adjustment for TCV as a sensitivity analysis. P-value for linear trend 

(Ptrend) across the CAC categories was obtained treating each group as rank (0, 1, 2).

In the secondary aim of comparison between CAC and CFPWV, we treated CAC score and 

CFPWV as continuous and transformed each variable as follows owing to their highly 

skewed distributions: natural log transformed CAC score +0.1 (lnCAC), and negative inverse 

CFPWV (niCFPWV). Then we expressed a slope of regression coefficient as an estimated 

outcome value at 80th versus 20th percentile of lnCAC or niCFPWV in our regression model 

for each of three DTI-based outcomes. In other words, we compare the regression coefficient 

after standardization of exposure variables of our interest, CAC and CFPWV. Such 

standardization using 20th-80th percentile in regression analysis has been conducted in 

previous studies 27,28. Otherwise, the set of adjusting covariates was the same as the main 

analyses. For clinical interpretability of effect size in DTI-measures, we computed one-year 

difference in the DTI-measures regressing them on age of the participants.

Interaction by sex was tested by adding a product term in the models. P-value < 0.05 was 

considered to be significant. All analyses were performed using SAS software version 9.4 

(SAS Institute Inc., Cary, NC, USA).

RESULTS

Among 1,052 participants (mean age at CT scan, 45.4 years; 45.4 % women), 753 (71.6%), 

236 (22.4%), and 63 (6.0%) individuals had CAC score of 0 (i.e. no CAC), ≤ 100, and >100, 

respectively (Table 1). Medication users for hypertension and dyslipidemia were 20.7% (n = 

218) and 21.9% (n = 230), respectively. Average time intervals from CT for CAC to MRI 

and from CFPWV to MRI were 7.7 years, and 1.7 years, respectively. The mean SBP was 

118 mmHg and the mean serum total cholesterol concentration was 190 mg/dL. Thirty 

percent of the participants were obese. Compared to women, men were slightly younger but 

tended to have more unfavorable risk factors including higher average SBP, more likely to be 

obese and diabetics and on treatment for hypertension and dyslipidemia.

For the primary aim, higher CAC groups were associated with lower mean FA, higher lnFW, 

and higher lnPSMD in a graded fashion in Model 1 (Ptrend was 0.010, 0.016, and 0.029, 

respectively)(Table 2). Compared to no CAC, CAC score of > 100 was significantly 

associated with 0.268 lower FA (P=0.04), 0.295 higher lnFW (P=0.02), and 0.325 higher 

lnPSMD in the model (P=0.01). Each magnitude of association can be interpreted that 

individuals with CAC score of > 100, compared to no CAC, had a 5.15 (0.268/0.052), 5.78 

(0.295/0.051), and 6.37 (0.325/0.051) years of aging in the brain by the measure of FA, 

lnFW, and lnPSMD, respectively, based on regressed estimates on age (Table 2). In Model 2, 

the graded relationship seemed to remain by point estimates, but largely became attenuated 

in all the outcome measures such that FA remained statistically significant, and lnFW 

became marginal for linear trend across the CAC group (Ptrend for FA, lnFW and lnPSMD 

were 0.029, 0.098, and 0.137, respectively). Model 2 without TCV adjustment yielded 

Suzuki et al. Page 5

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2022 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similar results to the main ones (Supplemental Table II). There was no evidence of 

interaction by sex in the CAC-group model (P-values for sex-interaction were 0.176, 0.260, 

and 0.977 for FA, lnFW, and lnPSMD, respectively).

In analyses for the secondary aim using continuous lnCAC or niCFPWV, we observed a 

significant association between lnCAC and all the three DTI-based outcomes in Model 1. 

Among them, however, only mean FA remained significant in Model 2 (Table 3). Likewise, 

niCFPWV was significantly associated with lnFW and with lnPSMD in Model 1 but all of 

them were attenuated to non-significant in Model 2. We observed a significant interaction by 

sex on the association between lnCAC and mean FA, and on the association of niCFPWV 

with FA and with lnFW in Model 1. In Model 2, the sex-interactions remained significant for 

the association between lnCAC and mean FA (Pinteraction=0.043), or became marginally 

significant for the association of niCFPWV with FA, and with lnFW (Pinteraction = 0.053, and 

0.084, respectively). The corresponding sex-stratified analyses in Model 2 showed that 

lnCAC was significantly associated with lower mean FA in men (P = 0.03), but not in 

women (P = 0.91), and that a significant association between niCFPWV and lnFW was seen 

only in men (P = 0.03) but not in women (P = 0.73), and no association between niCFPWV 

and FA in either sexes (Supplemental Table III).

DISCUSSION

In this population-based study of young to middle-aged adults, we observed CAC, assessed 

average of 7.7 years prior to the brain imaging, had a graded association with mean FA of 

the entire white matter after adjustment for risk factors and TCV. In continuous model, the 

inverse association between CAC and FA was significant only in men but not in women 

according to Model 2.

This is the first community-based study that showed a significant and graded association 

between CAC and subtle white-matter injury of the brain, measured with DTI. The finding 

suggests that the heart-brain connection29 can be observed even at an early subclinical stage 

in middle-aged apparently healthy individuals, and that CAC may identify an individual at 

elevated risk of early white-matter injury.

Mechanism for CAC to predict white-matter injury is likely due to the shared common risk 

factors between coronary and brain arteries. We have previously shown a direct association 

between blood pressure and white-matter injury in the same cohort (i.e. the third-generation 

cohort of the Framingham Study)12. In addition, other cardiovascular risk factors such as 

cigarette smoking30 and diabetes31 have been shown as probable attributes to early/

subclinical microstructural injury of the white-matter. In asymptomatic elderly populations, 

graded relationship between CAC and subclinical cerebral vascular disease has been 

reported both from the West32 and the East7,33. Adding to the literature, our study further 

suggests usefulness of CAC in middle-age adults as a predictor for subtle brain injury that is 

difficult to identify with a conventional MRI technique.

Based on regressed DTI-measures on age of our cohort, we interpreted that individuals with 

CAC score of >100, compared to no CAC, had a 5 to 6 years of “aging in the brain” by the 
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DTI-measures in Model 1. Aside from such interpretation, a long-term clinical implication 

of those DTI-measures remain to be determined since we are unaware of any threshold for 

DTI-measures that are applicable to middle-age adults to predict clinical outcome. From 

pathological point, studies suggested that decreased FA, elevated FW and PSMD reflect 

axonal injury, mild vascular injury and neuroinflammation (microglia activation, edema), 

and small vessel disease, respectively22,34–36. In addition, population-based studies on older 

individuals suggested that the relationship between baseline FA or FW and subsequent 

cognition decline over years was graded/continuous37,38. Furthermore, those with cognitive 

impairment tended to have decreased FA and elevated FW than healthy controls39,40, and the 

patients with vascular dementia were reported to have elevated PSMD22,41.

Combined with those existing literature, our results suggest that young to middle-aged adult 

with high CAC score may benefit from tight risk-factor control with regard to prevention of 

atherosclerotic diseases but also prevention of long-term cognitive decline. For example, a 

randomized trial of multi-domain intervention including vascular risk monitoring reported 

better cognition in the intervention group than control group42. Nevertheless, it is premature 

to recommend screening with CAC for such purpose because there is no established 

evidence to prevent cognitive decline by vascular risk control and usefulness of CAC for that 

purpose warrants further study.

It is noteworthy that analytical method in this study differs from the previous Framingham 

Heart Study reports12,13,21. In the present study, we focused on global measures of subtle 

white-matter injury in the entire brain because our aim in this study was to assess overall 

usefulness of CAC in predicting subtle white matter injury. The previous studies, in contrast, 

employed lesion specific analyses as well as voxel-based morphometry, which is likely to be 

more sensitive for detecting localized injury. In fact, the previous study showed significant 

regional association of CFPWV with lower FA and higher FW21. Use of the global measures 

in the present study may limit our ability to identify a small, localized change.

Although CAC has been shown to be a better predictor for cardiovascular diseases than other 

novel biomarkers such as carotid intima-media thickness or C-reactive protein1, there is only 

one community-based study showing superiority of CAC over PWV in predicting risk of 

coronary heart disease43. To our knowledge, no study has compared CAC and CFPWV in 

the association with DTI-based measures of white-matter injury. With our results, however, 

it remained inconclusive which of them performed better. The sex-combined results showed 

a significant, or a marginally significant association between CAC and FA, and between 

CFPWV and FW, respectively, and the corresponding sex-stratified analyses showed that 

CAC was associated with FA, and that CFPWV was associated with FW, both only in men, 

but not in women. Therefore, CAC and CFPWV may be complimentary to each other, at 

least for men, in predicting subclinical white-matter injury.

Sex-difference

We observed statistically significant association only in men but not in women according to 

continuous models. One possible explanation is because men of our participants on average 

had a worse cardiovascular risk profile than women, likely leading to more advanced stages 

in CAC, CFPWV, and DTI-based outcomes. In line with this finding, a recent population-
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based study reported a less burden of brain aging in those who have more ideal 

cardiovascular risk profile44.

Implication

Our study suggests that CAC may be a useful screening tool to predict prevalent subtle 

changes of the brain, particularly white-matter injury, in an asymptomatic middle-aged man. 

High CAC score may be taken not only as a sign of coronary disease but also a predictor for 

subclinical white-matter injury of the brain. Further study using voxel-based morphometry is 

clearly needed to elucidate an extent and specific locations in the brain CAC can predict. 

Additionally, a further study is needed which marker, CAC vs CFPWV, performs better in 

predicting subclinical brain disease.

Strengths of the study include use of DTI-based measure allowing us to identify subtle 

white-matter change that may be overlooked but later progress to overt white-matter lesions 

with conventional MRI10,11. Other strength includes community-based recruitment of 

relatively young men and women enhancing the generalizability of the findings. The 

following limitations should be considered in interpreting our results. First, among three 

DTI-based measures, CAC was significantly associated only with FA, and we had no a priori 
hypothesis about which of the three measures would be most important. Therefore, we are 

unable to refute the possibility that the observed association was due to chance given the 

multiple outcomes we tested, although we attempted to minimize the problem of multiple 

testing by limiting our outcomes to three DTI-measures, and by not looking at location-

specific associations. Furthermore, the reason we observed only one out of three measures 

significant may be because the population we studied was relatively young and healthy 

without much of subclinical brain injury. Second, average time intervals from CT to MRI 

and from CFPWV to MRI differed by 6 years, which may have obscured a fair comparison 

between CAC and CFPWV although adjustment for time interval was made to overcome this 

limitation.

Conclusion

Our study suggests that CAC may be a promising screening tool to predict subclinical 

vascular burden, particularly subtle white-matter injury, in asymptomatic middle-aged men.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Sources of Funding

The study was supported by NIH/NHLBI contracts P30-AG010129, R01-AG033040, R01-AG08122, K23-
LH118529, N01-HC-25195, HHSN268201500001I, HL076784, AG028321, HL070100, HL060040, HL080124, 
HL071039, HL077447, HL107385, 2-K24-HL04334, 75N92019D00031, and Grants-in-Aid for Scientific Research 
(B) 18H03048 from the Ministry of Education, Culture, Sports, Science and Technology of Japan.

The funding sources had no role in the design of this study and will not have any role during its execution, analyses, 
interpretation of the data, or decision to submit results.

Suzuki et al. Page 8

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2022 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



REFERENCES

1. Zaid M, Fujiyoshi A, Kadota A, Abbott RD and Miura K. Coronary Artery Calcium and Carotid 
Artery Intima Media Thickness and Plaque: Clinical Use in Need of Clarification. J Atheroscler 
Thromb. 2017;24:227–239. [PubMed: 27904029] 

2. Handy CE, Desai CS, Dardari ZA, Al-Mallah MH, Miedema MD, Ouyang P, Budoff MJ, 
Blumenthal RS, Nasir K and Blaha MJ. The Association of Coronary Artery Calcium With 
Noncardiovascular Disease: The Multi-Ethnic Study of Atherosclerosis. JACC Cardiovasc Imaging. 
2016;9:568–576. [PubMed: 26970999] 

3. Hermann DM, Gronewold J, Lehmann N, Moebus S, Jockel KH, Bauer M and Erbel R. Coronary 
artery calcification is an independent stroke predictor in the general population. Stroke. 
2013;44:1008–1013. [PubMed: 23449263] 

4. Reis JP, Launer LJ, Terry JG, Loria CM, Zeki Al Hazzouri A, Sidney S, Yaffe K, Jacobs DR Jr., 
Whitlow CT, Zhu N, et al. Subclinical atherosclerotic calcification and cognitive functioning in 
middle-aged adults: the CARDIA study. Atherosclerosis. 2013;231:72–77. [PubMed: 24125414] 

5. Kuller LH, Lopez OL, Mackey RH, Rosano C, Edmundowicz D, Becker JT and Newman AB. 
Subclinical Cardiovascular Disease and Death, Dementia, and Coronary Heart Disease in Patients 
80+ Years. J Am Coll Cardiol. 2016;67:1013–1022. [PubMed: 26940919] 

6. Fujiyoshi A, Jacobs DR Jr., Fitzpatrick AL, Alonso A, Duprez DA, Sharrett AR, Seeman T, Blaha 
MJ, Luchsinger JA and Rapp SR. Coronary Artery Calcium and Risk of Dementia in MESA (Multi-
Ethnic Study of Atherosclerosis). Circ Cardiovasc Imaging. 2017;10:e005349. [PubMed: 28465455] 

7. Khan MMH, Fujiyoshi A, Shiino A, Hisamatsu T, Torii S, Suzuki S, Kunimura A, Segawa H, 
Kadota A, Ohkubo T, et al. The Association Between Coronary Artery Calcification and Subclinical 
Cerebrovascular Diseases in Men: An Observational Study. J Atheroscler Thromb. 2020;27:995–
1009. [PubMed: 31969522] 

8. Nilsson ED, Elmstahl S, Minthon L, Pihlsgard M, Nilsson PM, Hansson O and Nagga K. No 
independent association between pulse wave velocity and dementia: a population-based, prospective 
study. J Hypertens. 2017;35:2462–2467. [PubMed: 28704261] 

9. Singer J, Trollor JN, Baune BT, Sachdev PS and Smith E. Arterial stiffness, the brain and cognition: 
a systematic review. Ageing Res Rev. 2014;15:16–27. [PubMed: 24548924] 

10. Maillard P, Carmichael O, Harvey D, Fletcher E, Reed B, Mungas D and DeCarli C. FLAIR and 
diffusion MRI signals are independent predictors of white matter hyperintensities. AJNR Am J 
Neuroradiol. 2013;34:54–61. [PubMed: 22700749] 

11. de Groot M, Verhaaren BF, de Boer R, Klein S, Hofman A, van der Lugt A, Ikram MA, Niessen 
WJ and Vernooij MW. Changes in normal-appearing white matter precede development of white 
matter lesions. Stroke. 2013;44:1037–1042. [PubMed: 23429507] 

12. Maillard P, Seshadri S, Beiser A, Himali JJ, Au R, Fletcher E, Carmichael O, Wolf PA and DeCarli 
C. Effects of systolic blood pressure on white-matter integrity in young adults in the Framingham 
Heart Study: a cross-sectional study. Lancet Neurol. 2012;11:1039–1047. [PubMed: 23122892] 

13. Maillard P, Mitchell GF, Himali JJ, Beiser A, Tsao CW, Pase MP, Satizabal CL, Vasan RS, 
Seshadri S and DeCarli C. Effects of Arterial Stiffness on Brain Integrity in Young Adults From 
the Framingham Heart Study. Stroke. 2016;47:1030–1036. [PubMed: 26965846] 

14. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ, Himmelfarb CD, 
Khera A, Lloyd-Jones D, McEvoy JW, et al. 2019 ACC/AHA Guideline on the Primary Prevention 
of Cardiovascular Disease: A Report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. Circulation. 2019;140:e596–e646. 
[PubMed: 30879355] 

15. Gorelick PB, Scuteri A, Black SE, Decarli C, Greenberg SM, Iadecola C, Launer LJ, Laurent S, 
Lopez OL, Nyenhuis D, et al. Vascular contributions to cognitive impairment and dementia: a 
statement for healthcare professionals from the american heart association/american stroke 
association. Stroke. 2011;42:2672–2713. [PubMed: 21778438] 

16. Splansky GL, Corey D, Yang Q, Atwood LD, Cupples LA, Benjamin EJ, D’Agostino RB Sr., Fox 
CS, Larson MG, Murabito JM, et al. The Third Generation Cohort of the National Heart, Lung, 

Suzuki et al. Page 9

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2022 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and Blood Institute’s Framingham Heart Study: design, recruitment, and initial examination. Am J 
Epidemiol. 2007;165:1328–1335. [PubMed: 17372189] 

17. Hoffmann U, Massaro JM, Fox CS, Manders E and O’Donnell CJ. Defining normal distributions of 
coronary artery calcium in women and men (from the Framingham Heart Study). Am J Cardiol. 
2008;102:1136–1141.e1. [PubMed: 18940279] 

18. First MB, Spitzer RL, Gibbon M and Williams JB. User’s guide for the Structured clinical 
interview for DSM-IV axis I disorders SCID-I: clinician version: American Psychiatric Pub; 1997.

19. Agatston AS, Janowitz WR, Hildner FJ, Zusmer NR, Viamonte M Jr. and Detrano R. 
Quantification of coronary artery calcium using ultrafast computed tomography. J Am Coll 
Cardiol. 1990;15:827–832. [PubMed: 2407762] 

20. Mitchell GF, Parise H, Benjamin EJ, Larson MG, Keyes MJ, Vita JA, Vasan RS and Levy D. 
Changes in arterial stiffness and wave reflection with advancing age in healthy men and women: 
the Framingham Heart Study. Hypertension. 2004;43:1239–1245. [PubMed: 15123572] 

21. Maillard P, Mitchell GF, Himali JJ, Beiser A, Fletcher E, Tsao CW, Pase MP, Satizabal CL, Vasan 
RS, Seshadri S and DeCarli C. Aortic Stiffness, Increased White Matter Free Water, and Altered 
Microstructural Integrity: A Continuum of Injury. Stroke. 2017;48:1567–1573. [PubMed: 
28473633] 

22. Baykara E, Gesierich B, Adam R, Tuladhar AM, Biesbroek JM, Koek HL, Ropele S, Jouvent E, 
Alzheimer’s Disease Neuroimaging Initiative, Chabriat H, et al. A Novel Imaging Marker for 
Small Vessel Disease Based on Skeletonization of White Matter Tracts and Diffusion Histograms. 
Ann Neurol. 2016;80:581–592. [PubMed: 27518166] 

23. Maillard P, Fletcher E, Harvey D, Carmichael O, Reed B, Mungas D and DeCarli C. White matter 
hyperintensity penumbra. Stroke. 2011;42:1917–1922. [PubMed: 21636811] 

24. Weinstein G, Maillard P, Himali JJ, Beiser AS, Au R, Wolf PA, Seshadri S and DeCarli C. Glucose 
indices are associated with cognitive and structural brain measures in young adults. Neurology. 
2015;84:2329–2337. [PubMed: 25948725] 

25. Takao H, Hayashi N, Inano S and Ohtomo K. Effect of head size on diffusion tensor imaging. 
Neuroimage. 2011;57:958–967. [PubMed: 21605689] 

26. Evans TE, O’Sullivan MJ, de Groot M, Niessen WJ, Hofman A, Krestin GP, van der Lugt A, 
Portegies ML, Koudstaal PJ, Bos D, et al. White Matter Microstructure Improves Stroke Risk 
Prediction in the General Population. Stroke. 2016;47:2756–2762. [PubMed: 27703085] 

27. Abbott RD, Donahue RP, MacMahon SW, Reed DM and Yano K. Diabetes and the Risk of Stroke: 
The Honolulu Heart Program. JAMA. 1987;257:949–952. [PubMed: 3806877] 

28. Curb JD, Masaki K, Rodriguez BL, Abbott RD, Burchfiel CM, Chen R, Petrovitch H, Sharp D and 
Yano K. Peripheral artery disease and cardiovascular risk factors in the elderly. The Honolulu 
Heart Program. Arterioscler Thromb Vasc Biol. 1996;16:1495–1500. [PubMed: 8977454] 

29. Abete P, Della-Morte D, Gargiulo G, Basile C, Langellotto A, Galizia G, Testa G, Canonico V, 
Bonaduce D and Cacciatore F. Cognitive impairment and cardiovascular diseases in the elderly. A 
heart-brain continuum hypothesis. Ageing Res Rev. 2014;18:41–52. [PubMed: 25107566] 

30. Paul RH, Grieve SM, Niaura R, David SP, Laidlaw DH, Cohen R, Sweet L, Taylor G, Clark RC, 
Pogun S, et al. Chronic cigarette smoking and the microstructural integrity of white matter in 
healthy adults: a diffusion tensor imaging study. Nicotine Tob Res. 2008;10:137–147. [PubMed: 
18188754] 

31. Tamura Y and Araki A. Diabetes mellitus and white matter hyperintensity. Geriatr Gerontol Int. 
2015;15 Suppl 1:34–42.

32. Rosano C, Naydeck B, Kuller LH, Longstreth WT Jr. and Newman AB. Coronary artery calcium: 
associations with brain magnetic resonance imaging abnormalities and cognitive status. J Am 
Geriatr Soc. 2005;53:609–615. [PubMed: 15817006] 

33. Kim BJ, Lee SH, Kim CK, Ryu WS, Kwon HM, Choi SY and Yoon BW. Advanced coronary 
artery calcification and cerebral small vessel diseases in the healthy elderly. Circ J. 2011;75:451–
456. [PubMed: 21157110] 

34. Concha L, Gross DW, Wheatley BM and Beaulieu C. Diffusion tensor imaging of time-dependent 
axonal and myelin degradation after corpus callosotomy in epilepsy patients. Neuroimage. 
2006;32:1090–1099. [PubMed: 16765064] 

Suzuki et al. Page 10

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2022 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Ji F, Pasternak O, Liu S, Loke YM, Choo BL, Hilal S, Xu X, Ikram MK, Venketasubramanian N, 
Chen CL, et al. Distinct white matter microstructural abnormalities and extracellular water 
increases relate to cognitive impairment in Alzheimer’s disease with and without cerebrovascular 
disease. Alzheimers Res Ther. 2017;9:63. [PubMed: 28818116] 

36. Wardlaw JM, Smith C and Dichgans M. Mechanisms of sporadic cerebral small vessel disease: 
insights from neuroimaging. The Lancet Neurology. 2013;12:483–497. [PubMed: 23602162] 

37. Wang R, Fratiglioni L, Laukka EJ, Lovden M, Kalpouzos G, Keller L, Graff C, Salami A, 
Backman L and Qiu C. Effects of vascular risk factors and APOE epsilon4 on white matter 
integrity and cognitive decline. Neurology. 2015;84:1128–1135. [PubMed: 25672924] 

38. Maillard P, Fletcher E, Singh B, Martinez O, Johnson DK, Olichney JM, Farias ST and DeCarli C. 
Cerebral white matter free water: A sensitive biomarker of cognition and function. Neurology. 
2019;92:e2221–e2231. [PubMed: 30952798] 

39. Dumont M, Roy M, Jodoin PM, Morency FC, Houde JC, Xie Z, Bauer C, Samad TA, Van Dijk 
KRA, Goodman JA, et al. Free Water in White Matter Differentiates MCI and AD From Control 
Subjects. Front Aging Neurosci. 2019;11:270. [PubMed: 31632265] 

40. Scola E, Bozzali M, Agosta F, Magnani G, Franceschi M, Sormani MP, Cercignani M, Pagani E, 
Falautano M, Filippi M, et al. A diffusion tensor MRI study of patients with MCI and AD with a 
2-year clinical follow-up. J Neurol Neurosurg Psychiatry. 2010;81:798–805. [PubMed: 20392973] 

41. Low A, Mak E, Stefaniak JD, Malpetti M, Nicastro N, Savulich G, Chouliaras L, Markus HS, 
Rowe JB and O’Brien JT. Peak Width of Skeletonized Mean Diffusivity as a Marker of Diffuse 
Cerebrovascular Damage. Front Neurosci. 2020;14:238. [PubMed: 32265640] 

42. Ngandu T, Lehtisalo J, Solomon A, Levälahti E, Ahtiluoto S, Antikainen R, Bäckman L, Hänninen 
T, Jula A, Laatikainen T, et al. A 2 year multidomain intervention of diet, exercise, cognitive 
training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk elderly 
people (FINGER): a randomised controlled trial. The Lancet. 2015;385:2255–2263.

43. Kavousi M, Elias-Smale S, Rutten JH, Leening MJ, Vliegenthart R, Verwoert GC, Krestin GP, 
Oudkerk M, de Maat MP, Leebeek FW, et al. Evaluation of newer risk markers for coronary heart 
disease risk classification: a cohort study. Ann Intern Med. 2012;156:438–444. [PubMed: 
22431676] 

44. Gardener H, Caunca M, Dong C, Cheung YK, Alperin N, Rundek T, Elkind MSV, Wright CB and 
Sacco RL. Ideal Cardiovascular Health and Biomarkers of Subclinical Brain Aging: The Northern 
Manhattan Study. Journal of the American Heart Association. 2018;7:e009544. [PubMed: 
30369305] 

45. Jenkinson M, Beckmann CF, Behrens TE, Woolrich MW and Smith SM. Fsl. Neuroimage. 
2012;62:782–790. [PubMed: 21979382] 

46. Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins KE, 
Ciccarelli O, Cader MZ, Matthews PM, et al. Tract-based spatial statistics: voxelwise analysis of 
multi-subject diffusion data. Neuroimage. 2006;31:1487–1505. [PubMed: 16624579] 

47. Pasternak O, Sochen N, Gur Y, Intrator N and Assaf Y. Free water elimination and mapping from 
diffusion MRI. Magn Reson Med. 2009;62:717–730. [PubMed: 19623619] 

48. Song SK, Sun SW, Ju WK, Lin SJ, Cross AH and Neufeld AH. Diffusion tensor imaging detects 
and differentiates axon and myelin degeneration in mouse optic nerve after retinal ischemia. 
Neuroimage. 2003;20:1714–1722. [PubMed: 14642481] 

49. Beaudet G, Tsuchida A, Petit L, Tzourio C, Caspers S, Schreiber J, Pausova Z, Patel Y, Paus T, 
Schmidt R, et al. Age-Related Changes of Peak Width Skeletonized Mean Diffusivity (PSMD) 
Across the Adult Lifespan: A Multi-Cohort Study. Front Psychiatry. 2020;11:342. [PubMed: 
32425831] 

Suzuki et al. Page 11

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2022 July 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical Perspective:

Using recent modality, diffusion tensor imaging, this study showed a significant 

association between CAC and a measure of subtle white-matter injury of the brain in 

community dwelling individuals without neurological deficits, especially for men. CAC 

may be a potentially useful tool to predict prevalent subtle white matter injury of the 

brain in apparently healthy middle-aged men. Although CAC is currently one of the few 

“extra” modalities recommended by the 2019 ACC/AHA guidelines for primary 

prevention of cardiovascular diseases, further study is clearly needed to confirm the role 

of CAC for brain health.
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