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Abstract

Background

The potential impacts of beverage intake during the midlife on future subclinical atheroscle-

rosis among women are unclear. The aim of this study was to evaluate the prospective

associations between the intakes of eight beverage groups and subclinical carotid athero-

sclerosis in midlife women.

Methods

Data came from the Study of Women’s Health Across the Nation, a multicenter, multiethnic,

and prospective cohort study. A total of 1,235 midlife women had measures of subclinical

carotid atherosclerosis and repeatedly beverage intake data collected using a validated

food frequency questionnaire. Beverages were aggregated into eight groups, including cof-

fee, tea, sugar-sweetened beverages, artificially sweetened beverages, fruit juices, whole

milk, milk with lower fat content, and alcoholic beverages. The associations of beverage

intake with common carotid artery intima-media thickness (CCA-IMT) and adventitial diame-

ter (CCA-AD) were estimated using linear models; the associations with carotid plaque were

estimated using log-binomial models.

Results

Coffee intake was associated with CCA-IMT in an inverted J-shaped pattern. After adjusting

for covariates, women with >0 to <1 cup/day and 1 to <2 cups/day of coffee intake had a
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0.031 mm (95% CI: 0.012, 0.051) and a 0.027 mm (95% CI: 0.005, 0.049) larger CCA-IMT,

respectively, than coffee non-drinkers. Women who consumed�2 cups/day of coffee did

not have significantly different CCA-IMT than non-drinkers. There was an inverse linear

association between moderate alcoholic beverages intake and CCA-IMT (P-trend = 0.014).

Whole milk intake had inverted U-shaped associations with CCA-IMT and carotid plaque.

No significant associations were found between other beverage groups and subclinical

atherosclerosis.

Conclusions

In midlife women, occasional coffee intake may be associated with more subclinical athero-

sclerosis while moderate alcoholic beverages intake may be associated with less subclinical

atherosclerosis. Future work should focus on the determination of the optimal beverage

intake profile for maximum cardiovascular benefits in midlife women.

Introduction

Cardiovascular disease (CVD) is the leading cause of mortality and morbidity among women

in the United States (U.S.) [1]. About half of the U.S. women have some form of CVD, and a

third of all females deaths in the U.S. are attributable to CVD [1]. Furthermore, women’s risk

of CVD increases sharply after the menopause [2]. Markers of subclinical carotid atherosclero-

sis, including intima-media thickness, adventitial diameter, and plaque formation, are impor-

tant predictors of CVD events later in life [3, 4], and can be used to quantify the cardiovascular

risk in asymptomatic individuals [3–5]. Women also experience an accelerated progression of

subclinical atherosclerosis during the menopausal transition [6, 7]. The steeper increase in ath-

erosclerotic risk during the menopausal transition is likely explained by the associations

between menopause and changes in cardiometabolic risk factors, including increases in total

fat and visceral fat [8, 9], and elevations in total cholesterol and low-density lipoprotein (LDL)

cholesterol [10]. These adverse changes, which go beyond the effects of chronological aging

alone [8–10], may be preventable by lifestyle modifications [6]. Thus, the midlife in women,

which is typically defined as age 40 to 65 years and includes the menopausal transition [11],

represents a pivotal period for primary prevention of CVD.

Beverage intake is a major component of American people’s diets and is of high public-

health importance. An average American consumes 135 gallons per year of non-water bever-

ages [12]. Numerous compounds present in some beverages, such as caffeine [13] in coffee,

and polyphenols in coffee [14–19] and tea [15, 20–22] may delay or accelerate the atheroscle-

rotic process. Furthermore, most types of beverages consumed in the U.S. contain calories,

and the increased intake of energy-dense beverages is one of the major contributors to the cur-

rent obesity epidemic in America [23]. Low-calorie, artificially sweetened beverages have been

proposed as a potential replacement for sugar-sweetened beverages, but there is scant evidence

on the health benefits and possible adverse effects of artificially sweetened beverages [24].

Intake of alcoholic beverages is associated with clinical cardiovascular outcomes, typically in a

J-shaped pattern with the lowest risk observed for light to moderate alcohol drinkers [25].

However, the potential effects of alcohol intake on subclinical atherosclerosis are unclear

[26–33].
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The midlife is a crucial window for cardiovascular risk prevention in women as the meno-

pause-induced atherosclerotic risk may be counteracted by modifications in lifestyle and die-

tary intake during the midlife. While the potential effects of general lifestyle and overall diet

quality on subclinical atherosclerosis in midlife women have recently been examined [34], few

studies have examined the impacts of specific beverage intakes on subclinical atherosclerosis

in this population [35–40]. In the present study, we aimed to use data from the Study of Wom-

en’s Health Across the Nation to evaluate the prospective associations between the intakes of

eight non-overlapping groups of beverages and measures of subclinical carotid atherosclerosis

in midlife women.

Methods

Study design and study population

The Study of Women’s Health Across the Nation (SWAN) is an ongoing, multicenter, multi-

ethnic, prospective cohort study initiated in 1996 to study the natural history of the meno-

pausal transition. Details of the SWAN protocol have been described previously [41]. Briefly,

SWAN participants were recruited from seven sites across the U.S.: 1) Boston, Massachusetts;

2) Chicago, Illinois; 3) Southeastern Michigan; 4) Los Angeles, California; 5) Newark, New Jer-

sey; 6) Pittsburgh, Pennsylvania; and 7) Oakland, California. At baseline, 3,302 women who

self-identified as African American (Pittsburgh, Chicago, Detroit, and Boston), Chinese (Oak-

land), Japanese (Los Angeles), Hispanic (Newark), or non-Hispanic white (all sites) were

enrolled. Baseline eligibility criteria included age 42 to 52 years, having an intact uterus and at

least one ovary, not being pregnant or lactating, not using oral contraceptives or hormone

therapy in the past three months, and having at least one menstrual cycle in the past three

months. Clinic assessments began in 1996 and participants have been followed up for 15 exam-

inations conducted approximately annually, through the most recent visit in 2015–2016. The

SWAN protocols were approved by the Institutional Review Board at each site, and all partici-

pants provided written informed consent at each study visit.

Carotid ultrasound scans were performed at six sites (all sites except the Los Angeles site) at

SWAN follow-up Visit 12 (2009–2011) or Visit 13 (2011–2013), with the vast majority of scans

(96.7%) conducted at Visit 12. Among the 2,806 women initially enrolled at the six sites, 1,990

(70.9%) participants attended Visit 12, of whom 1,592 (80.0%) had a carotid scan at Visit 12 or

Visit 13. Additionally, 14 women did not attend Visit 12, but attended and received the carotid

scan at Visit 13. Thus, a total of 1,606 women had a carotid scan. From these 1,606 partici-

pants, we further excluded women who did not have all three specific measures of carotid ath-

erosclerosis (n = 54); who did not have high-quality dietary data at any visit (defined as not

reporting too few [< 4/day] or too many [> 16/day] solid foods, not skipping more than 10

food items on the questionnaire, and not reporting total energy intake that was too low [<

2,092 kJ/day or 500 kcal/day] or too high [>20,920 kJ/day or 5,000 kcal/day]) (n = 17) [34, 42];

who self-reported having heart disease (n = 51) or stroke (n = 9) at baseline or developed heart

disease (n = 38) or stroke (n = 35) during the follow-up before their carotid scans; and who

had missing data for the major covariates (n = 167). After these exclusions, the final sample

study population consisted of 1,235 women (Fig 1).

Assessment of exposures

Dietary data were collected at baseline (1996–1997), Visit 5 (2001–2003), and Visit 9 (2005–

2007), except at the New Jersey site, which had dietary data at baseline and Visit 5 but not at

Visit 9. Diet was measured using a modification of the 1995 version of the Block food fre-

quency questionnaire (FFQ), which has previously been validated against dietary records and
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24-hour recalls [43, 44]. Briefly, among women, the correlation coefficients between the Block

FFQ and 24-hour recalls for total energy intake, protein, carbohydrate, total fat, saturated fat,

monounsaturated fat, and polyunsaturated fat were 0.45, 0.53, 0.66, 0.67, 0.65, 0.60, and 0.48,

respectively [44]. The FFQ included 103 food items, including 20 beverage items and 83 solid

food items. Trained personnel administered the FFQ, and the participants were asked how

often, on average, they consumed each item during the past year, as well as the usual portion

size for each. Up to nine predefined frequencies of intake, ranging from never to� 5 times/d,

and three predefined portion sizes, ranging from small to large, were available for each bever-

age item. For the solid foods, the predefined frequencies ranged from never to� 2 times/d.

Total energy intake and nutrients intake were computed by multiplying the reported fre-

quency, the reported portion size, and the corresponding nutrient content. The nutrient con-

tent was obtained from the U.S. Department of Agriculture nutrient database for standard

reference, Bowes and Church’s Food Values of Portions Commonly Used [45], commercial food

manufacturers’ websites, and food labels [46]. We computed the intakes of the 20 beverages by

multiplying the reported frequency by the reported portion size, to obtain the amount of bev-

erages intake in milliliter per day. Beverage item soy milk was not considered in the analysis

due to low intake and incompatibility with other beverage items. We aggregated the remaining

Fig 1. Exclusion flow of participants for the association between beverage intake and subclinical carotid atherosclerosis in the Study of

Women’s Health Across the Nation (United States), 1996–2013. High-quality food frequency questionnaire data was defined as not reporting

too few (< 4/day) or too many (> 16/day) solid foods, not skipping more than 10 food items on the questionnaire, and not reporting total energy

intake that was too low (< 2,092 kJ/day or 500 kcal/day) or too high (>20,920 kJ/day or 5,000 kcal/day). Abbreviations: AD, adventitial diameter;

CCA, common carotid artery; CVD; cardiovascular disease; FFQ, food frequency questionnaire; IMT, intima-media thickness.

https://doi.org/10.1371/journal.pone.0219301.g001
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19 beverages into eight non-overlapping groups, including coffee, tea, sugar-sweetened bever-

ages (SSB), artificially sweetened beverages (ASB), fruit juices, whole milk, milk with lower fat

content (2% milk, 1% milk, and skim milk), and alcoholic beverages (S1 Table). The intake of

each group was calculated by summing the individual items in that group. Finally, to capture

the long-term intakes, we calculated the intake of each beverage group by averaging across up

to three available dietary measurements (baseline, Visit 5, and Visit 9).

Assessment of outcomes

Centrally trained and certified sonographers obtained carotid ultrasound images at Visit 12 or

Visit 13 using a Terason t3000 Ultrasound System (Teratech Corp, Burlington, MA) equipped

with a variable frequency (5–12 MHz) linear array transducer [47]. Two digitized images were

obtained for each of the left and right distal common carotid artery (CCA). From each of these

four images, near and far wall intima-media thickness (IMT) measures of the CCA were

obtained by electronically tracing the lumen-intima interface and the media-adventitia inter-

face across a 1-cm segment proximal to the carotid bulb. One measurement was generated for

each pixel over the area, for a total of approximately 140 measures for each segment. The aver-

age and maximal values for these measures were recorded for all four images, with the mean of

the maximal readings of all four images used in the analyses. Adventitial diameter (AD) of the

CCA was measured as the distance from the adventitial-medial interface on the near wall to

the medial-adventitial interface on the far wall at end-diastole across the same CCA segments

used for IMT measurement. The mean value of the average readings was used in the analyses.

Sonographers at each site evaluated the presence and extent of plaque in each of five segments

of the left and right carotid artery (distal and proximal CCA, carotid bulb, and proximal inter-

nal and external carotid arteries). A plaque was defined as a distinct area protruding into the

vessel lumen that was at least 50% thicker than the adjacent IMT. For each segment, the degree

of the plaque was graded between 0 (no observable plaque) to 3 (plaque obstructing� 50% of

the luminal diameter of the vessel). The grades from all segments of the combined left and

right carotid artery were summed to create the plaque index [48]. The three outcomes of this

study were the intima-media thickness of the common carotid artery (CCA-IMT), the adventi-

tial diameter of the common carotid artery (CCA-AD), and the carotid plaque index. We

treated CCA-IMT and CCA-AD as continuous variables [7, 34] and dichotomized carotid pla-

que index as� 2 versus < 2 [49].

Assessment of covariates

Self-reported covariates at baseline included age (continuous), race/ethnicity (African Ameri-

can, Hispanic, Chinese, or non-Hispanic white), education level (� high school, some college,

or college degree/post-college), financial strain (somewhat/very hard paying for basics, or not

hard paying for basics) [50], self-rated overall health (excellent/very good, good, or fair/poor),

menopausal status based on self-reported menstrual bleeding patterns (dichotomized as pre-

menopausal or early perimenopausal), smoking status (never, past, or current), and non-occu-

pational physical activity level (continuous; assessed on five-point Likert and ordinal

quantitative scales with total scores ranging from 3 to 15; higher values indicate more frequent

engagement in non-occupational physical activity) [51]. We used the 2002 version of the Alter-

nate Healthy Eating Index (AHEI) to quantify the overall quality of the diet at baseline, Visit 5,

and Visit 9. Specifically, the AHEI was computed using nine dietary components including

vegetables, fruit, nuts and legumes, the ratio of white to red meat, cereal fiber, trans fat, the

ratio of polyunsaturated fatty acids to saturated fatty acids, multivitamin use, and alcohol

intake. Each component contributes 0 to 10 points to the total score, except the dichotomous

Beverage intake and subclinical atherosclerosis

PLOS ONE | https://doi.org/10.1371/journal.pone.0219301 July 10, 2019 5 / 20

https://doi.org/10.1371/journal.pone.0219301


multivitamin intake, which contributes either 2.5 points for no long-term use or 7.5 points for

long-term use. A maximum score indicates that the recommendation for that component was

fully met, whereas a minimum score represents the least healthy behavior for that component.

Intermediate intakes were scored proportionally between the minimum and the maximum

scores. The nine components were then summed to obtain the total score, which ranged from

2.5 (worst overall diet) to 87.5 (best overall diet) [52]. Self-reported use of hormone therapy

from baseline through the visit of the carotid scan was dichotomized as ever use or never use.

Weight and height were measured by trained interviewers using a calibrated balance beam

scale and a stadiometer, respectively, and BMI was calculated as weight in kilograms divided

by squared height in meters. Blood pressure was calculated as the average of two seated mea-

surements using a standard mercury sphygmomanometer. Blood samples were taken to mea-

sure fasting glucose, serum triglycerides, and serum high-density lipoprotein (HDL)

cholesterol. Based on harmonized guidelines [53], elevated blood pressure was defined as sys-

tolic blood pressure� 130 mm Hg, or diastolic blood pressure� 85 mm Hg, or antihyperten-

sive drug treatment. Elevated fasting glucose was defined as fasting glucose� 100 mg/dL or

drug treatment of elevated glucose. Elevated triglycerides was defined as fasting serum triglyc-

erides� 150 mg/dL. Reduced HDL cholesterol was defined as serum HDL cholesterol < 50

mg/dL.

Statistical analysis

We collapsed the average beverage intakes into prespecified categories based on prior literature

and the overall distributions in the study population to detect potential nonlinear associations.

Specifically, we divided coffee intake into none, > 0 to< 1 serving/d, 1 to< 2 servings/d, 2

to< 4 servings/d, and� 4 servings/d. We divided tea intake into none,> 0 to< 1 serving/d, 1

to< 2 servings/d, and� 2 servings/d. We divided intakes of SSB, ASB, fruit juices, milk with

lower fat content, and alcoholic beverages into none,> 0 to< 0.5 serving/d, 0.5 to< 1 serv-

ing/d, and� 1 serving/d. We divided whole milk intake into none,> 0 to< 0.5 serving/d,

and� 0.5 serving/d. We defined one serving of beverage as one medium cup (237 mL) for cof-

fee and tea, one medium glass (237 mL) for fruit juices, whole milk, and milk with lower fat

content, one medium can (355 mL) for SSB, ASB, and beer, one medium glass (148 mL) for

wine, and one medium shot (44 mL) for liquor.

The selection of confounders was based on a priori knowledge of risk factors for atheroscle-

rosis and the empirical exposure-covariate associations in the study population. In Model 1, we

adjusted for age at the carotid scan, race/ethnicity, education level, financial strain, self-rated

overall health, BMI, smoking status, non-occupational physical activity level, menopausal status,

use of hormone therapy from baseline to the visit of the carotid scan, and the number of missing

visits for dietary measurements. All covariates in Model 1 were the baseline values except age,

hormone therapy use, and the number of missing visits for dietary measurements. In Model 2,

we additionally adjusted for dietary covariates, including total energy intake, AHEI, beverage

condiments (for coffee and tea only), and other beverage groups that were empirically corre-

lated with each beverage. All dietary covariates in Model 2 were the average values across avail-

able visits of baseline, Visit 5, and Visit 9. In Model 3, we additionally adjusted for clinical or

cardiovascular risk factors, including elevated blood pressure, elevated fasting glucose, elevated

triglycerides, and reduced HDL cholesterol, all of which were the baseline status.

We estimated the associations of beverage intake with CCA-IMT and CCA-AD using mul-

tiple linear regression models. Graphical examinations (histograms and quantile-quantile

plots) revealed that both CCA-IMT and CCA-AD had normal distributions, so no transforma-

tions were performed. We estimated the associations of beverage intake with high carotid

Beverage intake and subclinical atherosclerosis
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plaque index (carotid plaque index� 2) using log-binomial models. We used modified Pois-

son models with robust variance estimation to achieve model convergence [54]. We used the

participants who did not consume the beverage as the reference group. To test for linear

trends, we assigned the median intake of each category to participants in the corresponding

category as a continuous variable in the models. For beverage groups that displayed a potential

nonlinear association with an outcome variable, we additionally examined the shape of the

relationship non-parametrically using restricted cubic splines [55]. Tests for nonlinearity and

computations of P-curve were conducted using likelihood ratio tests comparing the model

with only the linear term to the model with the linear and the cubic spline terms.

We performed three sensitivity analyses to examine the robustness of the results. First, to

assess selection bias due to attrition and missing data, we used inverse probability weighting to

develop a non-response weight for each retained participant based on her baseline predictors

of attrition (race/ethnicity, education level, financial strain, marital status, self-rated overall

health, depressive symptoms, BMI, smoking status, physical activity level, menopausal status,

AHEI, elevated blood pressure, elevated fasting glucose, and reduced HDL cholesterol), and

repeated the analyses using the weights. Second, as some women might abstain from a bever-

age before baseline due to existing health conditions or underlying health concerns, we

excluded participants who did not consume the beverage (i.e., the long-term abstainers) and

used the next nonzero intake category as the reference group. Third, as some women might

start abstaining from a beverage during the follow-up due to health considerations, we

excluded participants who stopped consuming a beverage during the follow-up (i.e., the for-

mer drinkers). Fourth, we restricted to the 792 women with beverage intake data from all three

time points (baseline, Visit 5, and Visit 9). Fifth, to examine the impacts of total energy adjust-

ment, we dropped total energy intake from the final models. All analyses were conducted

using SAS 9.4 (SAS Institute Inc., Cary, NC) at a two-sided alpha level of 0.05.

Results

We summarized the general characteristics of the sample study population in Table 1. The

median age of the participants at baseline was 46.2 years with an interquartile range (IQR) of

4.1 years. Over half of the participants (52.8%) were non-Hispanic white, 28.4% were African

American, 12.9% were Chinese, and 5.9% were Hispanic. At baseline, 62.3% of the women

were never smokers, 25.4% were past smokers, and 12.2% were current smokers. The median

BMI at baseline was 26.5 (IQR: 8.5). The mean CCA-IMT and CCA-AD at the visit of the

carotid scan were 0.9 mm (standard deviation: 0.1) and 7.2 mm (standard deviation: 0.7),

respectively, and 25.3% of the participants had high carotid plaque index.

The stability of beverage intake over time was fair to good, with fruit juices being the least

stable (Spearman r = 0.38 between baseline and Visit 5 and 0.33 between baseline and Visit 9),

and coffee (Spearman r = 0.74 between baseline and Visit 5 and 0.73 between baseline and

Visit 9) and alcoholic beverages being the most stable (Spearman r = 0.77 between baseline

and Visit 5 and 0.72 between baseline and Visit 9). There were weak correlations between cof-

fee and tea (Spearman r = -0.17), coffee and alcoholic beverages (Spearman r = 0.29), SSB and

fruit juices (Spearman r = 0.17), ASB and milk with lower fat content (Spearman r = 0.13), and

whole milk and milk with lower fat content (Spearman r = -0.21).

We detected an inverted J-shaped association between coffee intake and CCA-IMT

(Table 2). After fully adjusting for covariates, women who consumed > 0 to< 1 cup/d and 1

to< 2 cups/d of coffee had a 0.031 mm (95% CI: 0.012, 0.051) and a 0.027 mm (95% CI: 0.005,

0.049) larger CCA-IMT, respectively, than coffee non-drinkers. Women who consumed 2

to< 4 cups/d or� 4 cups/d of coffee did not have significantly different CCA-IMT than non-

Beverage intake and subclinical atherosclerosis
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Table 1. General characteristics and beverage intake among 1,235 participants of the Study of Women’s Health

Across the Nation (United States), 1996–2013a.

N = 1,235

Major covariates

Age at baseline, year, median (IQR) 46.2 (4.1)

Age at the carotid scan, year, median (IQR) 60.0 (4.0)

Race and ethnicity, n (%)

- African American 351 (28.4)

- Hispanic 73 (5.9)

- Chinese 159 (12.9)

- Non-Hispanic white 652 (52.8)

Education level, n (%)

- High school or less 259 (21.0)

- Some college 377 (30.5)

- College degree/post-college 599 (48.5)

Somewhat/very hard to pay for basics, n (%) 392 (31.7)

Self-rated overall health, n (%)

- Excellent/very good 787 (63.7)

- Good 337 (27.3)

- Fair/poor 111 (9.0)

Total energy intakeb, kJ/d, median (IQR) 6885.6 (2980.3)

BMI, median (IQR) 26.5 (8.5)

Smoking status, n (%)

- Never 770 (62.4)

- Past 314 (25.4)

- Current 151 (12.2)

Non-occupational physical activity score, mean (SD) 7.8 (1.8)

Alternate Healthy Eating Indexb, mean (SD) 37.2 (9.2)

Menopausal status, n (%)

- Early perimenopausal 548 (44.4)

- Premenopausal 687 (55.6)

Hormone therapy usec, n (%) 531 (43.0)

Elevated blood pressure, n (%) 326 (26.4)

Elevated fasting glucose, n (%) 260 (21.1)

Elevated triglycerides, n (%) 216 (17.5)

Reduced HDL cholesterol, n (%) 409 (33.1)

Number of missing dietary measurements, n (%)

- 0 792 (64.1)

- 1 314 (25.4)

- 2 129 (10.5)

Beverage intaked

Coffee drinkers, n (%) 925 (74.9)

- Intake of coffee, cups/d, median (IQR) 1.3 (1.5)

Tea drinkers, n (%) 961 (77.8)

- Intake of tea, cups/d, median (IQR) 0.4 (1.1)

Sugar-sweetened beverages drinkers, n (%) 1008 (81.6)

- Intake of SSB, cans/d, median (IQR)) 0.3 (0.8)

Artificially sweetened beverages drinkers, n (%) 648 (52.5)

- Intake of ASB, cans/d, median (IQR) 0.3 (0.7)

(Continued)
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drinkers. Restricted cubic spline regression also supported the nonlinear association between

coffee intake and CCA-IMT (P-curve = 0.0004) (Fig 2). We did not find significant associa-

tions between coffee intake and CCA-AD or carotid plaque after fully adjusting for covariates.

The intake of alcoholic beverages was relatively low in the study population. Sixty-two per-

cent of the participants were alcohol drinkers; the average intake among the drinkers was 0.6

serving per day, and only 3% of the participants consumed two or more servings per day.

There was an inverse linear association between alcoholic beverage intake and CCA-IMT

(Table 3). After adjusting for all covariates, women who consumed > 0 to< 0.5 serving/d, 0.5

to< 1 serving/d, and� 1 serving/d of alcoholic beverages had 0.003 mm (95% CI: -0.019,

0.014), 0.024 mm (95% CI: -0.050, 0.002), and 0.027 mm (95% CI: -0.052, -0.002) smaller

CCA-IMT, respectively, than non-drinkers (P-trend = 0.014). Restricted cubic spline regres-

sion also suggested an inverse linear association (Fig 3). There was no significant association

between alcoholic beverage intake and CCA-AD or carotid plaque.

Women who consumed > 0 to< 0.5 glass/d of whole milk had a 0.043 mm (95% CI: 0.020,

0.065) larger CCA-IMT compared to women who did not drink whole milk, and a 0.062 mm

(95% CI: 0.027, 0.097) larger CCA-IMT compared to women who consumed� 0.5 glass/d of

whole milk. The difference in CCA-IMT between women who did not drink whole milk and

women who drank� 0.5 glass/d was not significant. Women with > 0 to< 0.5 glass/d of

whole milk also had a higher risk of carotid plaque than non-drinkers (risk ratio: 1.31; 95% CI:

Table 1. (Continued)

N = 1,235

Fruit juices drinkers, n (%) 1065 (86.2)

- Intake of fruit juices, glasses/d, median (IQR) 0.4 (0.6)

Whole milk drinkers, n (%) 236 (19.1)

- Intake of whole milk, glasses/d, median (IQR) 0.3 (0.6)

Milk with lower fat content drinkers, n (%) 1080 (87.5)

- Intake of milk with lower fat content, glasses/d, median (IQR) 0.5 (0.9)

Alcoholic beverages drinkers, n (%) 763 (61.8)

- Intake of alcoholic beverages, servings/d, median (IQR) 0.3 (0.7)

Subclinical atherosclerosise

CCA-IMT, mm, mean (SD) 0.9 (0.1)

CCA-AD, mm, mean (SD) 7.2 (0.7)

High carotid plaque index, n (%) 312 (25.3)

Abbreviations: AD, adventitial diameter; ASB, artificially sweetened beverages; CCA, common carotid artery; IMT,

intima-media thickness; IQR, interquartile range; SD, standard deviation; SSB, sugar-sweetened beverages.
a Values are means (standard deviations) for continuous variables with normal distributions, medians (interquartile

ranges) for continuous variables with skewed distributions, and counts (percentages) for categorical variables.

Percentages of polytomous variables may not sum to 100% due to rounding. The variables are the baseline measures

unless specified otherwise.
b Averaged across available visits of baseline (1996–1997), Visit 5 (2001–2003), and Visit 9 (2005–2007).
c Defined as reported use of hormone therapy at any time from baseline to the visit of the carotid scan.
d Values are the averages across available visits of baseline, Visit 5, and Visit 9. One serving was defined as one

medium cup (237 mL) for coffee and tea, one medium glass (237 mL) for fruit juices, whole milk, and milk with

lower fat content, one medium can (355 mL) for sugar-sweetened beverages, artificially sweetened beverages, and

beer, one medium glass (148 mL) for wine, and one medium shot (44 mL) for liquor. The intakes were calculated

among the drinkers only.
e Measured either at Visit 12 (2009–2011) or Visit 13 (2011–2013).

https://doi.org/10.1371/journal.pone.0219301.t001
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1.03, 1.67). We found no significant association between whole milk intake and CCA-AD (S2

Table). We did not find significant associations of intakes of tea, SSB, ASB, fruit juices, and

milk with lower fat content with measures of subclinical atherosclerosis (S3 to S7 Tables).

The estimates did not change appreciably after accounting for missing data using inverse

probability weighting, dropping total energy intake from the full models, or excluding former

drinkers. The key findings were qualitatively similar when restricting to the 792 women with

beverage data from all three dietary measurements, although many associations became less

statistically significant. After excluding the long-term abstainers, there was a nonsignificant

inverse linear association between coffee intake and CCA-IMT (P-trend = 0.16). The results

from the above sensitivity analyses are not shown but are available upon request.

Discussion

This study evaluated the prospective association between beverage intake during the midlife

and subclinical carotid atherosclerosis later in life, measured 14 years after baseline. We found

Table 2. Average coffee intake and subclinical carotid atherosclerosis among 1,235 participants of the Study of Women’s Health Across the Nation (United States),

1996–2013a.

Coffee, servings/d P-trendb

None > 0 to < 1 1 to < 2 2 to < 4 � 4

n (%) 310 (25.1) 355 (28.7) 273 (22.1) 223 (18.1) 74 (6.0)

CCA-IMT, mm

Model 1c Ref 0.027 (0.008, 0.046)g 0.021 (-0.000, 0.042) 0.010 (-0.013, 0.032) -0.006 (-0.039, 0.028) 0.49

Model 2d Ref 0.029 (0.010, 0.049)g 0.025 (0.003, 0.047)f 0.016 (-0.008, 0.040) 0.001 (-0.036, 0.039) 0.83

Model 3e Ref 0.031 (0.012, 0.051)g 0.027 (0.005, 0.049)f 0.018 (-0.006, 0.042) 0.005 (-0.033, 0.043) 0.96

CCA-AD, mm

Model 1c Ref 0.01 (-0.08, 0.10) -0.05 (-0.15, 0.05) 0.07 (-0.04, 0.18) -0.09 (-0.25, 0.07) 0.78

Model 2d Ref 0.01 (-0.09, 0.10) -0.05 (-0.16, 0.05) 0.06 (-0.05, 0.18) -0.11 (-0.29, 0.06) 0.64

Model 3e Ref 0.01 (-0.08, 0.11) -0.04 (-0.15, 0.06) 0.07 (-0.05, 0.18) -0.09 (-0.27, 0.09) 0.79

Carotid plaque

Model 1c Ref 1.09 (0.82, 1.43) 1.21 (0.90, 1.61) 1.42 (1.06, 1.90)f 1.11 (0.73, 1.67) 0.16

Model 2d Ref 1.06 (0.80, 1.41) 1.16 (0.86, 1.57) 1.30 (0.95, 1.78) 1.00 (0.64, 1.57) 0.52

Model 3e Ref 1.08 (0.82, 1.43) 1.20 (0.89, 1.62) 1.36 (0.99, 1.85) 1.02 (0.65, 1.61) 0.42

Abbreviations: AD, adventitial diameter; CCA, common carotid artery; IMT, intima-media thickness.
a Values for CCA-IMT/CCA-AD are mean differences (95% CIs) from linear models. Values for carotid plaque are risk ratios (95% CIs) of high carotid plaque index

(� 2) from log-binomial models. Modified Poisson models with robust variance estimation were used to handle model convergence issues. One serving of coffee was

defined as one medium cup (237 mL).
b Computed by assigning the median intake of each category to participants in the corresponding category as a continuous variable.
c Adjusted for age at the carotid scan (continuous), race/ethnicity (African American, Hispanic, Chinese, or non-Hispanic white), education level (� high school, some

college, or college degree/post-college), financial strain (somewhat/very hard paying for basics, or not hard paying for basics), self-rated overall health (excellent/very

good, good, or fair/poor), BMI (continuous), smoking status (never, past, or current), non-occupational physical activity level (continuous), menopausal status

(premenopausal or early perimenopausal), use of hormone therapy from baseline to the visit of the carotid scan (ever or never), and the number of missing visits for

dietary measurements (0, 1, or 2). The baseline covariates were used unless specified otherwise.
d Model 1 + dietary covariates: The dietary covariates included total energy intake, Alternate Healthy Eating Index, intake of tea, intake of alcoholic beverages, and

intake of beverage condiments, all of which were continuous and the average values across available visits of baseline, Visit 5, and Visit 9.
e Model 2 + cardiovascular risk factors: The cardiovascular risk factors included elevated blood pressure, elevated fasting glucose, elevated triglycerides, and reduced

HDL cholesterol, all binary and measured at baseline.
f P<0.05 (compared to the reference group).
g P<0.01 (compared to the reference group).

https://doi.org/10.1371/journal.pone.0219301.t002
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an inverted J-shaped association between coffee intake and CCA-IMT; compared to coffee

non-drinkers, women with occasional coffee intake (< 2 cups/d) had a higher CCA-IMT

whereas moderate-to-heavy intake (� 2 cups/d) was not significantly associated with

CCA-IMT. We also found an inverse linear association between alcoholic beverage intake and

CCA-IMT, although the study population had few women with very high alcohol intake. Pre-

vious work in SWAN has reported that healthy lifestyle and high diet quality are associated

with less subclinical atherosclerosis in midlife women [34], while the present study examined

how specific beverage intakes may be related to subclinical atherosclerosis.

Fig 2. Association between coffee intake and common carotid artery intima-media thickness among 1,235

participants of the Study of Women’s Health Across the Nation (United States) using restricted cubic splines,

1996–2013. The solid line represents the predicted least squares means computed using sample means for continuous

covariates and sample percentages for categorical covariates. The dashed lines represent the 95% confidence limits.

Four knots were placed at 5th, 35th, 65th, and 95th percentiles of the sample distribution corresponding to 0, 0.29,

1.40, and 4.35 cups/d, respectively. One serving of coffee was defined as one medium cup (237 mL). P-curve was

computed using the likelihood ratio test comparing the model with only the linear term to the model with the linear

and the cubic spline terms. The model was adjusted for age at the carotid scan, race/ethnicity, education level, financial

strain, self-rated overall health, BMI, smoking status, non-occupational physical activity level, menopausal status, use

of hormone therapy from baseline to the visit of the carotid scan, the number of missing visits for dietary

measurements, total energy intake, Alternate Healthy Eating Index, intake of tea, intake of alcoholic beverages, intake

of beverage condiments, elevated blood pressure, elevated fasting glucose, elevated triglycerides, and reduced HDL

cholesterol. Extreme coffee intake (> 5 cups/d) was trimmed from the graph due to sparse data. Abbreviations: CCA,

common carotid artery; IMT, intima-media thickness.

https://doi.org/10.1371/journal.pone.0219301.g002
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The benefits and risks of coffee intake have been the subjects of contentious debate for

decades. The existing evidence on coffee intake and subclinical atherosclerosis is inconsistent

[35–38, 56, 57]. We found an inverted J-shaped association between coffee intake and CCA-

IMT, with the largest CCA-IMT observed among occasional drinkers with less than 2 cups of

daily coffee intake. After excluding coffee non-drinkers from the analysis, the inverted J-shaped

association between coffee intake and CCA-IMT observed in the overall study population was

replaced with an inverse linear association, which suggested that the nonlinear association was

driven by the small CCA-IMT among long-term coffee abstainers. The cardiovascular impact of

coffee is a mix of beneficial and detrimental effects. Antioxidant and anti-inflammatory pheno-

lic compounds in coffee, such as chlorogenic acid, can improve insulin sensitivity and β-cell

function [18], prevent oxidation of LDL cholesterol [17], lessen endothelial dysfunction [16],

and reduce blood pressure [19], all of which are major contributors to the atherosclerotic

process. Further, phytoestrogens in coffee such as lignans may partially replace estrogen after

menopause and protect against atherosclerosis [14]. On the other hand, caffeine [13] and chlo-

rogenic acid [15] may elevate the plasma homocysteine level; diterpenoid molecules such as

cafestol and kahweol in unfiltered coffee can increase serum total cholesterol levels [58]. The

Table 3. Average intake of alcoholic beverages and subclinical carotid atherosclerosis among 1,235 participants of the Study of Women’s Health Across the Nation

(United States), 1996–2013a.

Alcoholic beverages, servings/d P-trendb

None > 0 to < 0.5 0.5 to < 1 � 1

n (%) 472 (38.2) 480 (38.9) 125 (10.1) 158 (12.8)

CCA-IMT, mm

Model 1c Ref -0.005 (-0.021, 0.012) -0.026 (-0.052, -0.000)f -0.028 (-0.053, -0.004)f 0.0098

Model 2d Ref -0.004 (-0.020, 0.013) -0.025 (-0.052, 0.001) -0.028 (-0.053, -0.003)f 0.011

Model 3e Ref -0.003 (-0.019, 0.014) -0.024 (-0.050, 0.002) -0.027 (-0.052, -0.002)f 0.014

CCA-AD, mm

Model 1c Ref -0.02 (-0.09, 0.06) -0.10 (-0.22, 0.02) -0.05 (-0.17, 0.06) 0.24

Model 2d Ref -0.02 (-0.10, 0.06) -0.10 (-0.22, 0.03) -0.05 (-0.17, 0.06) 0.27

Model 3e Ref -0.01 (-0.09, 0.07) -0.09 (-0.22, 0.03) -0.06 (-0.18, 0.06) 0.22

Carotid plaque

Model 1c Ref 0.91 (0.73, 1.13) 1.10 (0.79, 1.54) 1.21 (0.90, 1.63) 0.085

Model 2d Ref 0.89 (0.71, 1.11) 1.08 (0.77, 1.51) 1.15 (0.85, 1.55) 0.16

Model 3e Ref 0.91 (0.73, 1.14) 1.15 (0.82, 1.61) 1.21 (0.90, 1.63) 0.083

Abbreviations: AD, adventitial diameter; CCA, common carotid artery; IMT, intima-media thickness.
a Values for CCA-IMT/CCA-AD are mean differences (95% CIs) from linear models. Values for carotid plaque are risk ratios (95% CIs) of high carotid plaque index

(� 2) from log-binomial models. Modified Poisson models with robust variance estimation were used to handle model convergence issues. One serving of alcoholic

beverages was defined as one medium can (355 mL) for beer, one medium glass (148 mL) for wine, and one medium shot (44 mL) for liquor.
b Computed by assigning the median intake of each category to participants in the corresponding category as a continuous variable.
c Adjusted for age at the carotid scan (continuous), race/ethnicity (African American, Hispanic, Chinese, or non-Hispanic white), education level (� high school, some

college, or college degree/post-college), financial strain (somewhat/very hard paying for basics, or not hard paying for basics), self-rated overall health (excellent/very

good, good, or fair/poor), BMI (continuous), smoking status (never, past, or current), non-occupational physical activity level (continuous), menopausal status

(premenopausal or early perimenopausal), use of hormone therapy from baseline to the visit of the carotid scan (ever or never), and the number of missing visits for

dietary measurements (0, 1, or 2). The baseline covariates were used unless specified otherwise.
d Model 1 + dietary covariates: The dietary covariates included total energy intake, Alternate Healthy Eating Index (excluding the alcohol component), and intake of

coffee, all of which were continuous and the average values across available visits of baseline, Visit 5, and Visit 9.
e Model 2 + cardiovascular risk factors: The cardiovascular risk factors included elevated blood pressure, elevated fasting glucose, elevated triglycerides, and reduced

HDL cholesterol, all binary and measured at baseline.
f P<0.05 (compared to the reference group).

https://doi.org/10.1371/journal.pone.0219301.t003
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present study suggests that the beneficial properties of the coffee constituents are more likely to

offset or outweigh the harmful effects among moderate-to-heavy drinkers compared to among

occasional drinkers, in line with the USDA/HHS 2015–2020 Dietary Guidelines for Americans
which conclude that moderate coffee consumption (3 to 5 cups of coffee per day) is not associ-

ated with a higher risk of CVD and can be incorporated into a healthy diet in healthy adults

[59]. Given the strong influence of coffee non-drinkers on the results, the findings may also be

attributable to residual confounding, as the women who did not drink coffee may have unmea-

sured characteristics that were not adequately adjusted for in the analyses.

The health implications of alcohol drinking are also among the most controversial issues in

nutritional epidemiology. There is a relatively well-documented J-shaped association between

Fig 3. Association between alcoholic beverage intake and common carotid artery intima-media thickness among

1,235 participants of the Study of Women’s Health Across the Nation (United States) using restricted cubic

splines, 1996–2013. The solid line represents the predicted least squares means computed using sample mean values

for continuous covariates and sample percentages for categorical covariates. The dashed lines represent the 95%

confidence limits. Three knots were placed at 5th, 50th, and 95th percentiles of the sample distribution, corresponding

to 0, 0.10, and 1.68 servings/d, respectively. One serving of alcoholic beverages was defined as one medium can (355

mL) for beer, one medium glass (148 mL) for wine, and one medium shot (44 mL) for liquor. The model was adjusted

for age at the carotid scan, race/ethnicity, education level, financial strain, self-rated overall health, BMI, smoking

status, non-occupational physical activity level, menopausal status, use of hormone therapy from baseline to the visit of

the carotid scan, the number of missing visits for dietary measurements, total energy intake, Alternate Healthy Eating

Index (excluding the alcohol component), coffee intake, elevated blood pressure, elevated fasting glucose, elevated

triglycerides, and reduced HDL cholesterol. Extreme alcohol intake (> 2 servings/d) was trimmed from the graph due

to sparse data. Abbreviations: CCA, common carotid artery; IMT, intima-media thickness.

https://doi.org/10.1371/journal.pone.0219301.g003
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alcohol intake and the incidence of clinical CVD, with the lowest risk observed for people who

consume one serving of alcoholic beverages per day [25]. Prior studies on the effect of alcohol

intake on subclinical atherosclerosis have conflicting results, with some studies reporting a J-

shaped association in both women and men [26–28], some finding an association in men but

not in women [29, 30], and some failing to detect a meaningful association at all [31–33]. In

line with these previous recommendations, we found that the intake of alcoholic beverages was

inversely and linearly associated with CCA-IMT within the range of moderate intake (less

than two drinks per day). It is worth noting that the potential effect of heavy alcohol intake

could not be reliably evaluated in this dissertation as the study population had few women

(3%) with more than two servings per day of intake. Therefore, our finding does not contradict

previous studies that reported a J-shaped pattern [26–28]. It is likely that alcoholic beverages

may be protective against atherosclerosis when consumed in moderation but will have no

effect or even detrimental effects when heavily consumed. The USDA/HHS 2015–2020 Dietary
Guidelines for Americans currently recommends an upper limit of 98 grams per week of alco-

hol for women, which corresponds to no more than one drink per day [59]. Despite the rela-

tively consistent epidemiologic evidence on the cardiovascular benefit of moderate alcohol

intake, public-health guidelines to promote moderate alcohol intake should perhaps not be

made universally due to the concern of binge drinking and alcohol abuse. Furthermore, the

risks of cancers and diseases of other organs and systems need to be weighed carefully.

Polyphenols in tea, most notably flavonoids, have been shown in cellular and animal studies

to have antioxidant, antithrombotic, and anti-inflammatory properties [20–22]. Epidemiologic

studies suggest that tea intake may be associated with less atherosclerosis of the aorta and coro-

nary arteries, but the evidence for carotid atherosclerosis is inconsistent [38, 39, 56, 60]. The

inconsistency in the literature may be partially attributable to the lower consumption of tea in

the U.S. compared to in European countries. The average daily tea intake was approximately 1

cup in this study compared to 2 cups in the Rotterdam Study [39]; 5.5% of the women in the

present study consumed� 3 cups/d of tea compared to 12.8% in the French Three-City Study

[60]. Overwhelming evidence suggests that the intake of SSB can lead to weight gain, insulin

resistance, inflammation, hypertension, visceral adiposity, and atherogenic dyslipidemia [23].

The lack of a clear association for SSB in this study is somewhat surprising and may be due to

the low intake and potential reverse causation as women who were aware of higher cardiovas-

cular risk might intentionally reduce their SSB intake. The effect of ASB on atherosclerosis

warrants further investigations as ASB may be a reasonable replacement to reduce SSB intake

[24]. Evidence on the potential impacts of fruit juices on subclinical atherosclerosis is

extremely scarce [61, 62]. Whole milk intake has long been suspected of being a CVD risk fac-

tor in adults due to its high saturated fat content and excess calories. Limited prior studies did

not find a significant association between milk intake and subclinical atherosclerosis [40, 63].

We do not have a potential etiological explanation for the inverted U-shaped associations of

whole milk intake with CCA-IMT and carotid plaque. Only a small proportion (< 20%) of

women in our study population were whole milk drinkers, so the unexpected results might be

attributable to random error (chance) and certainly need replication.

The three outcomes in this study represent physiologically distinct aspects of the atheroscle-

rotic processes. CCA-IMT is an early marker of carotid atherosclerosis and reflects the thick-

ening of the vessel wall due to lipid deposition, chronic inflammation, infiltration of

immunological cells, and hemodynamic changes such as elevated blood pressure [64].

CCA-AD is a marker of vascular remodeling; an elevated CCA-AD represents dilation of the

vessel, disturbance in blood flow, and less flexibility to dilate further in response to stimuli [7].

The development of a plaque is the hallmark of atherosclerosis that results from the prolonged

accumulation of inflammation, lipid deposition, and calcification [64]. The accumulation of
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fatty deposits that leads to a thickening of the vessel wall may precede vascular remodeling and

plaque formation, which likely explains the lack of association for CCA-AD and carotid plaque.

The effect estimates for coffee and alcoholic beverages from the present study may seem small

in magnitude. Nevertheless, they are of public-health relevance due to the high prevalence of

coffee and alcohol consumption. For example, women with 0.5 to< 1 and� 1 serving/day of

alcoholic beverages intake had 17.1% and 19.3% SD smaller CCA-IMT, respectively, than non-

drinkers. Every one-SD increment in CCA-IMT has been associated with a 26% higher risk of

future myocardial infarction and a 32% higher risk of future stroke [65].

The primary strengths of this study include the focus on midlife women from diverse

racial/ethnic backgrounds, the examination of a comprehensive set of beverage groups, and

the use of repeated measures of beverage intake. This study also has some limitations. First and

foremost, carotid atherosclerosis was measured only once. Without repeated or baseline mea-

sures, we were unable to evaluate the change of atherosclerosis over time. As a result, we could

not reliably pinpoint the midlife to be the most causally relevant period for the effects of bever-

age intake. Second, the self-reported beverage intake inevitably had measurement error, which

was reduced by using repeated measures from a validated FFQ and by excluding low-quality

FFQ data. Third, we could not separately examine the effects of extremely high intakes for

some beverages (e.g., > 2 servings/d of alcoholic beverages, > 3 cups/d of tea, or > 2 servings/

d of SSB) because such extreme values were rare in the sample. The relatively low variability of

some beverages may partially explain the lack of observed associations for those beverages.

Fourth, we had no data on coffee brewing methods or decaffeinated coffee intake. Fifth,

although we extensively adjusted for covariates, it was not possible to eliminate residual con-

founding due to the observational nature of the SWAN cohort. Some potential unmeasured

confounders include occupation status, socioeconomic position, existing health conditions,

and underlying health concerns that influenced the participants’ beverage intakes. Thus, it was

not possible to make causal conclusions from this study. Last but not least, due to the large

number of models examined, multiple comparisons may be a concern. After the false discov-

ery rate adjustment [66] for the multiple testing of the 24 beverage-outcome combinations,

none of the adjusted P-trend values remained significant. However, the primary analyses were

based on a priori hypotheses and have been reported either in the main text or as supplemen-

tary tables (S2 to S7 Tables). Still, some of the observed associations might be due to chance

and future studies in midlife women are certainly needed to confirm our findings.

In conclusion, this prospective study indicates that occasional coffee intake during the mid-

life is associated with more subclinical carotid atherosclerosis, whereas moderate-to-heavy cof-

fee intake is not associated with subclinical carotid atherosclerosis later in life. This study also

suggests that moderate intake of alcoholic beverages during the midlife is associated with less

subclinical carotid atherosclerosis. Future work should focus on the determination of the opti-

mal beverage intake profile for maximum cardiovascular benefits in midlife women.
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