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ABSTRACT

Background: The menopause has adverse effects on cardiometabolic profiles that are linked to an increased risk of
atherosclerosis in women. A healthy diet during the menopausal transition may counteract the menopause-induced
atherosclerotic risk.

Objective: This prospective cohort study aimed to examine the associations between empirically derived dietary
patterns and subclinical carotid atherosclerosis in midlife women.

Methods: A total of 1246 midlife women (average age at baseline: 46.3 y) from the Study of Women'’s Health Across
the Nation who completed dietary assessments and had a carotid ultrasound scan were included. Dietary data were
collected at 3 time points, during 1996-1997 2001-2003, and 2005-2007. Measures of carotid atherosclerosis included
common carotid artery intima-media thickness (CCA-IMT), adventitial diameter (AD), and carotid plague index collected
during 2009-2013. Three statistical methods, including principal component analysis (PCA), reduced rank regression
(RRR), and partial least squares regression (PLS), were used to identify dietary patterns.

Results: A Western dietary pattern was identified from each method and a Prudent dietary pattern from PCA. High
adherence to the Western pattern was associated with higher CCA-IMT. Women in the fourth quartile of the Western
pattern identified by PCA, RRR, and PLS had 0.042 mm (95% ClI: 0.011, 0.073), 0.033 mm (95% Cl: 0.0086, 0.057),
and 0.049 mm (95% Cl: 0.025, 0.074), respectively, larger CCA-IMT than women in the first quartile; these differences
correspond to 30%, 24%, and 35% of the sample SD, respectively. The Prudent pattern was not significantly associated
with CCA-IMT. No significant associations were found between the identified dietary patterns and AD or carotid plaque.
Conclusions: The positive association between the Western diet and CCA-IMT was robust under different dietary
pattern derivation methods. The adoption of a diet low in red meat, processed meat, deep-fried products, and
sugar-sweetened beverages among midlife women is associated with a lower future risk of atherosclerosis. J Nutr
2020;150:579-591.
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Cardiovascular disease (CVD) is the leading cause of mortality
and morbidity in the USA (1). Over and above the effects
of chronological aging, the menopause in women has been
linked with unfavorable changes in cardiometabolic profiles,
including increases in visceral fat (2) and elevations in total
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cholesterol, LDL cholesterol, and apolipoprotein B (3—6). Due
to these adverse changes in CVD risk factors, the menopause
is associated with an elevated risk of clinical CVD (7) and an
accelerated progression of atherosclerosis (8, 9) in women.
Diet is a major modifiable risk factor for CVD. The
traditional approach of nutritional epidemiology focuses on
the potential impacts of individual foods or nutrients (10, 11).
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Dietary pattern analysis is a complementary approach that
allows examination of the overall diet and is less subject to
several methodological limitations common in the traditional
“single food/nutrient” approach (e.g., small effects of individual
foods, complicated interaction among nutrients, and mutual
confounding between dietary exposures). Results from dietary
pattern analyses can also be more directly translated into dietary
guidelines (10, 11).

The atherosclerotic risk induced by the menopause may
be counteracted by the adoption of a healthy diet during the
menopausal transition (8, 12, 13). However, the association
between dietary patterns during midlife and atherosclerosis later
in life among women is inconclusive (14-22), which is partially
due to certain methodological issues. Most previous studies
have used dietary data collected at a single time point to derive
dietary patterns. As an individual’s dietary intake may change
over time, only 1 dietary measurement may not accurately
capture the long-term dietary habits (23, 24). Furthermore,
multiple variable reduction techniques are available for dietary
pattern identification (25, 26), which can potentially lead to
inconsistent results. The principal component analysis (PCA) is
the most commonly used method for empirical dietary pattern
analysis (26). Reduced rank regression (RRR) and partial
least squares regression (PLS) are alternative techniques and
allow the incorporation of a priori hypotheses of potential
pathophysiological pathways in dietary pattern identification
(25-27). However, few studies have compared the performances
of different variable reduction techniques (27-29).

Midlife is a crucial period for CVD risk prevention in
women, and midlife women may benefit considerably from
targeted dietary interventions. Therefore, the associations
of dietary patterns with subclinical atherosclerosis in this
understudied group warrant further investigations. We aimed
to: 1) use repeatedly collected dietary data from the Study
of Women’s Health Across the Nation (SWAN) to evaluate
the prospective associations between dietary patterns during
midlife and measures of subclinical carotid atherosclerosis later
in life, and 2) compare the performances of 3 variable reduction
techniques in the estimation of diet—disease associations.

Methods

Study design and study population

The SWAN is a multi-center, multi-ethnic, prospective cohort study
initiated in 1996 to study the natural history of menopause (30).
The participants were recruited from 7 sites, including Boston,
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Chicago, Southeastern Michigan, Los Angeles, Newark (NJ), Pittsburgh,
and Oakland (CA). Participants were women who self-identified as
African American (Pittsburgh, Chicago, Detroit, and Boston), Chinese
(Oakland), Japanese (Los Angeles), Hispanic (Newark), or non-
Hispanic white (all sites). Baseline eligibility criteria included age 42—
52 y, having an intact uterus and >1 ovary, not pregnant or lactating,
not using oral contraceptives or hormone therapy in the past 3 mo, and
having >1 menstrual cycle in the past 3 mo. At baseline, 3302 women
were enrolled. Clinic assessments began in 1996, and participants
have been followed up for 16 examinations conducted approximately
annually, most recently in 2016-2018. The SWAN protocols were
approved by the Institutional Review Board at each site. All participants
provided written informed consent at each study visit.

Carotid ultrasound scans were performed at all sites, except the
Los Angeles site, at follow-up Visit 12 (2009-2011) or Visit 13 (2011-
2013), with the vast majority of scans conducted at Visit 12. Among the
2806 women initially enrolled at the 6 sites, 1990 (70.9%) participants
attended Visit 12, 1592 (80.0%) of whom had a carotid scan at Visit
12 or Visit 13. An additional 14 women did not attend Visit 12, but
attended and received the carotid scan at Visit 13. Thus, a total of 1606
women had a carotid scan. For this analysis, we excluded women who
had incomplete data on the 3 specific measures of carotid atherosclerosis
(n = 54); who did not have high-quality dietary data at any visit
[defined as not reporting too few (<4/d) or too many (>16/d) solid
foods, not skipping >10 food items on the questionnaire, and not
reporting total energy intake that was too low (<500 kcal/d) or too
high (>5000 kcal/d)] (n = 17); who self-reported having myocardial
infarction or angina (7 = 51) or stroke (7 = 9) at baseline or experienced
myocardial infarction (7 = 38) or stroke (7 = 35) during the follow-
up before their carotid scans; and who had missing data for the major
covariates (7 = 156). After the aforementioned exclusions, the final
analytical sample for PCA consisted of 1246 women. Additionally, 231
women had missing data on the intermediate response variables [C-
reactive protein (CRP) and plasminogen activator inhibitor 1 (PAI-1)],
so the final analytical sample for RRR and PLS included 1015 women
(Figure 1). Compared with the excluded participants, the women
retained in the analysis were less likely to be African American, to report
economic strain, to have depressive symptoms, and to have abdominal
obesity, elevated blood pressure, elevated glucose, and reduced serum
HDL cholesterol. The retained participants were more likely to have a
college degree and to self-report having excellent or very good overall

health.

Assessment of exposures

Dietary intake was measured at baseline (1996-1997), Visit 5 (2001-
2003), and Visit 9 (2005-2007). We used a modified 1995 version of
the Block FFQ, which has previously been validated against dietary
records (31) and 24-h recalls (32). The questionnaire included 103
food items. Trained personnel asked the participants how often they
consumed each food item during the past year, as well as the usual
portion size for each item. Up to 9 predefined frequencies (ranging
from never to >35 times/d) and 3 predefined portion sizes (ranging from
small to large) were available for each item. Total energy intake and
nutrient intake were calculated by multiplying the reported frequency,
the reported portion size, and the corresponding nutrient content
(33). We aggregated the 103 foods into 46 prespecified groups based
on nutrient profile or culinary use (34, 35) (Supplemental Table
1). We calculated the intake (in grams) for each food group and
adjusted it for total energy intake using the residual method (36).
We then computed the energy-adjusted food group values averaged
across <3 available dietary measurements (baseline, Visit 5, and Visit
9) to capture the long-term intake; 63.6%, 25.4%, and 10.9% of
the participants had 3, 2, and 1 available dietary measurements,
respectively.

Assessment of outcomes
Centrally trained and certified sonographers obtained carotid ul-
trasound images at Visit 12 or Visit 13 using a Terason t3000
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| Initially enrolled at baseline (N = 3302) |

Carotid ultrasound scans were not
performed at the Los Angeles site (n = 496)

Enrolled at the 6 sites with outcome measures (N = 2806) |

| Attended Visit 12 (n = 1990) |

Did not received carotid
ultrasound scan (n = 398)

Did not attend Visit 12, but attended

and received scan at Visit 13 (n = 14)

| Received carotid ultrasound scan (n = 1606) |

—»| Missing data on CCA-IMT, CCA-AD, or carotid plaque (n = 54) |

| Had complete data for all 3 measures (n = 1552) |

Did not have any high-quality FFQ
data (n=17)

| Had high-quality FFQ data at any visit (n = 1535) |

Developed CVD during follow-up
Myocardial infarction (n = 38)
Stroke (n = 35)

Had CVD at baseline
Myocardial infarction or angina (n = 51)
Stroke (n=9)

—>| Missing covariates (n = 156) |

| Available for PCA analysis (n = 1246) |

Missing intermediate response
variables (n = 231)

| Available for RRR and PLS analyses (n = 1015) |

FIGURE 1 Exclusion flow of participants for the association between dietary patterns and subclinical carotid atherosclerosis in the Study of
Women's Health Across the Nation. High-quality FFQ data were defined as not reporting too few (<4/d) or too many (>16/d) solid foods, not
skipping >10 food items on the questionnaire, and not reporting total energy intake that was too low (<500 kcal/d) or too high (>~5000 kcal/d).
AD, adventitial diameter; CCA, common carotid artery; CVD; cardiovascular disease; IMT, intima-media thickness.

Ultrasound System (Teratech Corp.) with a variable frequency linear
array transducer (37). Two digitized images were obtained for each
of the left and right distal common carotid artery (CCA). From each
of these 4 images, near and far wall intima-media thickness (IMT)
measures of the CCA were obtained. The mean of the maximal readings
of all 4 images was used in the analyses. Adventitial diameter (AD) 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. The presence and extent of plaque in each of 5 segments of
the left and right carotid artery (distal and proximal CCA, carotid
bulb, and proximal internal and external carotid arteries) was evaluated.
The degree of the plaque for each segment was graded between 0 (no
observable plaque) and 3 (plaque obstructing >50% of the luminal
diameter). The grades from all segments were summed to create the
plaque index (38). All carotid scan images were read centrally at the
SWAN Ultrasound Reading Center at the University of Pittsburgh.
The outcomes of this study included the intima-media thickness of
the common carotid artery (CCA-IMT), the adventitial diameter of
the common carotid artery (CCA-AD), and the carotid plaque index.
We treated CCA-IMT and CCA-AD as continuous variables and the
carotid plaque index as a binary variable (>2 versus <2). Graphical
examinations of CCA-IMT and CCA-AD showed normal distributions,
so no transformations were performed.

Assessment of covariates
Self-reported baseline covariates included age, race/ethnicity, education
level (<high school, some college, or college degree/postcollege),
economic strain (dichotomized as somewhat/very hard compared
with not hard to pay for basic necessities) (39), self-rated overall
health (excellent/very good, good, or fair/poor), depressive symptoms
(dichotomized by the Center for Epidemiologic Studies Depression
Scale: >16 or <16) (40), smoking status (never, past, or current),
nonoccupational physical activity (assessed on S-point Likert-scale
questions with total scores ranging from 3 to 15) (41), and menopausal
status based on self-reported menstrual bleeding patterns (dichotomized
as premenopausal or early perimenopausal). Self-reported use of
hormone therapy from baseline through to the carotid scan visit was
dichotomized as ever use or never use, with ever use defined as the use
of hormone therapy at any visit from baseline to the carotid scan visit.
Wiaist circumference (centimeters) was measured with a measuring tape
placed horizontally at the level of the natural waist or the narrowest
part of the torso from the anterior aspect. Blood pressure was measured
by a trained technician; the average of 2 seated measurements using a
standard mercury sphygmomanometer was used in the analysis.

Blood samples were taken to conduct blood assays, as described
previously (42, 43). Briefly, serum triglyceride concentrations were mea-
sured using enzymatic methods on a Hitachi 747 analyzer (Boehringer
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Mannheim Diagnostics). Serum HDL cholesterol was measured using
heparin-2 M manganese chloride. The serum glucose concentration
was measured from fasting samples using a hexokinase-coupled
reaction (Boehringer Mannheim Diagnostics). CRP was measured in
plasma using an ultrasensitive rate immunonephelometric method
(Dade-Behring). PAI-1 was measured in plasma with a sandwich
procedure using a solid phased monoclonal antibody and enzyme-
labeled goat second antiserum for detection (IMUBIND plasma PAI-
1 ELISA, American Diagnostica). Cardiometabolic conditions were
defined using established harmonized guidelines (44). Specifically,
abdominal obesity was defined as waist circumference >80 cm for
Chinese women and >88 c¢m for others. Elevated blood pressure was
defined as systolic blood pressure >130 mm Hg, or diastolic blood
pressure > 85 mm Hg, or antihypertensive drug treatment. Elevated
serum glucose was defined as fasting serum glucose >100 mg/dL or
drug treatment of elevated glucose. Elevated serum triglycerides was
defined as fasting serum triglycerides >150 mg/dL. Reduced serum HDL
cholesterol was defined as fasting serum HDL cholesterol <50 mg/dL.

Statistical analysis

We used 3 complementary statistical techniques, including PCA, RRR,
and PLS, to identify dietary patterns. PCA combines correlated food
items into weighted linear combinations (i.e., dietary patterns) that
account for the maximum variation of the original food variables (26).
RRR aims to identify food combinations that explain the maximum
variation in a set of prespecified intermediate response variables, and
PLS aims to derive food combinations that explain variation in both
the intermediate response variables and the food variables (25). The
intermediate response variables are the potential mediators for the diet—
disease association based on a priori hypotheses. RRR and PLS can be
used to explore potential biological mechanisms for the diet—disease
associations due to their ability to incorporate the intermediate response
variables.

We used the 46 energy-adjusted food groups (averaged across <3
visits) as the inputs of PCA, RRR, and PLS. Inflammatory biomarker
CRP and thrombotic biomarker PAI-1 were used as the intermediate
response variables for RRR and PLS. We chose plasma CRP and plasma
PAI-1 because the effect of diet on subclinical atherosclerosis may be
partly mediated by proinflammatory and prothrombotic pathways (16,
19). We used the values at Visit 6 (2002-2004) for CRP and PAI-
1 and natural log-transformed both variables to improve normality.
The number of dietary patterns initially derived by PCA and PLS is
restricted by the number of food variables used (i.e., 46 in this study),
whereas the number of patterns derived by RRR is constrained by the
number of intermediate response variables used (i.e., 2 in this study).
The number of patterns to retain from PCA for further analysis was
based on the scree plot (45), the eigenvalue >1 criterion, and the
overall interpretability of the principal components (46). For RRR
and PLS, the first patterns were retained for further analysis as they
explained more variation in the intermediate response variables than the
succeeding patterns. We calculated the factor scores for each retained
pattern, where a higher score represented a higher adherence to the
corresponding pattern.

We estimated the associations of quartiles of dietary pattern factor
scores with CCA-IMT/CCA-AD using multivariate linear regression
models, and with a high carotid plaque index (>2) using modified
Poisson models (47). The selection of confounders was based on prior
knowledge of CVD risk factors. We adjusted for age, race/ethnicity,
education level, economic strain, self-rated overall health, depressive
symptoms, smoking status, nonoccupational physical activity level, total
energy intake, menopausal status, use of hormone therapy, abdominal
obesity, elevated blood pressure, elevated glucose, elevated triglycerides,
reduced HDL cholesterol, and the number of missing visits for dietary
measurements. To test for linear trends, we assigned the median factor
score of each quartile to participants in the corresponding quartile as a
continuous variable in the models.

We conducted several sensitivity analyses to examine the robustness
of the results. First, to assess potential selection bias due to missing data,
we used inverse probability weighting to incorporate a nonresponse
weight for each participant based on her baseline predictors of attrition
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including race, education level, economic strain, self-rated overall
health, depressive symptoms, smoking status, physical activity level,
menopausal status, abdominal obesity, elevated blood pressure, elevated
glucose, elevated triglycerides, and reduced HDL cholesterol. Second,
we used the average food groups of baseline and Visit 5 to derive
dietary patterns (i.e., ignoring dietary data at Visit 9). The motivation
of this sensitivity analysis was to assess whether the inclusion of
the Visit 9 dietary data appreciably influenced the estimates as the
intermediate response variables were the Visit 6 values due to data
availability (PAI-1 data were not available after Visit 9). Third, we
derived dietary patterns separately for baseline and Visit 5 using the
food groups at each visit and then used the average factor scores (in
quartiles) in the analyses. Fourth, to examine potential time-varying
confounding by variables that are confounders for future exposures
but mediators for past exposures, we used the inverse-probability-of-
treatment weighting and marginal structural models (48) to additionally
adjust for cardiometabolic outcomes measured at Visit 3 (1999-
2001), including abdominal obesity, elevated blood pressure, elevated
glucose, elevated triglycerides, and reduced HDL cholesterol. Fifth,
we adjusted for waist circumference, systolic blood pressure, serum
glucose, serum triglycerides, and serum HDL cholesterol as contin-
uous variables rather than dichotomous variables. Sixth, to account
for multiple comparisons due to the simultaneous examination of
numerous dietary patterns and outcomes, we used Bonferroni correction
and the false discovery rate adjustment (49) for the 12 exposure—
outcome combinations. Seventh, we used traditional cardiometabolic
risk factors, including waist-to-hip ratio, systolic blood pressure,
serum triglycerides, serum HDL cholesterol, and serum glucose, as
the intermediate response variables for RRR and PLS. All analyses
were conducted using SAS 9.4 (SAS Institute Inc.) at a 2-sided « level
of 0.05.

Results

The general characteristics of the analytical sample are
presented in Table 1. The mean age of the participants at
baseline was 46.3 y with an SD of 2.64 y. Approximately half
of the participants (52.8%) were non-Hispanic white, 28.6%
were African American, 12.7% were Chinese, and 5.94% were
Hispanic. At baseline, 62.2% of the participants were never
smokers, 25.7% were past smokers, and 12.1% were current
smokers. The mean CCA-IMT and CCA-AD at the carotid
scan visit were 0.923 mm (SD: 0.136) and 7.19 mm (SD:
0.649), respectively, and 25.3% of the participants had a high
carotid plaque index. Plasma CRP was correlated with CCA-
IMT, CCA-AD, and plaque index with a Spearman correlation
coefficient of 0.22, 0.18, and 0.11, respectively. Plasma PAI-
1 was correlated with CCA-IMT, CCA-AD, and plaque index
with a Spearman correlation coefficient of 0.17,0.15, and 0.13,
respectively.

Two dietary patterns were retained from PCA, which jointly
explained 17.2% of the variation in food intake but only
2.35% of the variation in the intermediate response variables.
The first pattern was named the PCA-Western pattern, and
the second pattern was named the PCA-Prudent pattern. The
PCA-Western pattern explained 10.7%, 1.43%, and 0.00%
of the variation in food intake, CRP, and PAI-1, respectively.
The PCA-Prudent pattern explained 6.49%,2.07%,and 1.21%
of the variation in food intake, CRP, and PAI-1, respectively
(Table 2). Only the first patterns from RRR and PLS were
retained for further analyses as they explained more variation
in the intermediate response variables. These 2 patterns
were consequently named the RRR-Western pattern and the
PLS-Western pattern, respectively. The RRR-Western pattern
explained 3.65%, 12.5%, and 4.20% of the variation in food
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TABLE 2 Percentage of variation in the intermediate response variables and food variables explained by the dietary patterns derived
by multiple statistical methods among 1246 participants of the Study of Women'’s Health Across the Nation (USA), 1996-2013"

Explained variation in intermediate response
variables,2 %

Both CRP Explained variation  Explained variation  Explained variation ~ Explained variation in the

Plasma CRP Plasma PAI-1 and PAI-1 in food groups, % in CCA-IMT, % in CCA-AD, % carotid plaque index, %
PCA
PCA-Western 1.43 0.00 0.72 10.7 0.273 0.101 0.0391
PCA-Prudent 2.07 1.21 1.63 6.49 0.550 0.667 0.194
Both PCA patterns 3.50 1.21 2.35 17.2 0.823 0.769 0.233
RRR-Western 125 4.20 8.32 3.65 3.97 2.00 0.227
PLS-Western 8.41 1.89 5.15 8.06 3.46 1.77 0.209

"The dietary patterns were derived using the energy-adjusted food groups averaged across available visits of baseline (1996-1997), Visit 5 (2001-2003), and Visit 9
(2005-2007). The sample size for reduced rank regression and partial least squares regression was 1015 due to missing data on the intermediate response variables.

2The intermediate response variables were the log-transformed values at Visit 6 (2002-2004).

AD, adventitial diameter; CCA, common carotid artery; CRF, C-reactive protein; IMT, intima-media thickness; PAI-1, plasminogen activator inhibitor 1; PCA, principal component
analysis; PLS, partial least squares regression; RRR, reduced rank regression.

intake, CRP, and PAI-1, respectively. The PLS-Western pattern  patterns had 0.042 mm (95% CI: 0.011, 0.073), 0.033 mm
explained 8.06%, 8.41%, and 1.89% of the variation in food (95% CI: 0.0086, 0.057), and 0.049 mm (95% CI: 0.025,
intake, CRP, and PAI-1, respectively (Table 2). Thus, the PCA-  0.074), respectively, larger CCA-IMT than women in the
derived patterns explain a high percentage of variation in food  first quartile; these differences correspond to 30%, 24%, and
intake but a low amount of variation in both the intermediate ~ 35% of the sample SD of CCA-IMT, respectively. Adherence
response variables and the atherosclerosis outcomes. The RRR-  to the PCA-Prudent pattern was not significantly associated
derived pattern accounts for more variation in the intermediate ~ with CCA-IMT (P-trend = 0.38). We found no associations
response variables and the outcomes but explains low variation ~ between any identified dietary patterns and CCA-AD or carotid
in food intake. The PLS-derived pattern accounts for a similar  plaque.

amount of variation in the intermediate response variables and The results did not change appreciably after accounting for
the outcomes as the RRR-derived pattern but also explains a  missing data using nonresponse weights, using the average food
much higher amount of variation in food intake than the RRR-  groups of baseline and Visit 5 to derive dietary patterns, deriving
derived pattern. dietary patterns separately for baseline and Visit 5, adjusting

The PCA-Western pattern was characterized by high intakes  for time-varying confounders using marginal structural models,
of dairy products, pizza, unprocessed red meat, processed red  or adjusting for certain covariates as continuous variables. The
meat, and salad dressings; the PCA-Prudent pattern included  association between the PCA-Western pattern and CCA-IMT
high intakes of vegetables, legumes, and fruits (Table 3 and  became marginally significant (P-trend = 0.052) when using
Supplemental Table 2). The PCA-Western pattern was weakly  the separately derived patterns and became nonsignificant (P-
correlated with a higher concentration of CRP (Spearman  trend = 0.12) when adjusting for time-varying confounders,
correlation coefficient: 0.10); the PCA-Prudent pattern was  possibly due to the reduced sample sizes in these sensitivity
weakly correlated with lower concentrations of CRP (Spearman  analyses. Results from these sensitivity analyses are shown in
correlation coefficient: —0.18) and PAI-1 (Spearman correlation ~ Supplemental Tables 3-5. After false discovery rate adjustment,
coefficient: —0.09) (Table 3). The RRR-Western pattern was the associations between the 3 Western patterns and CCA-
characterized by high intakes of margarine, fried fish, artificially =~ IMT remained significant or marginally significant (adjusted
sweetened beverages, processed red meat, and sugar-sweetened ~ P-trend: 0.052, 0.035, and 0.0012 for PCA-Western, RRR-
beverages, and low intakes of soup, fiber cereals, fruits, = Western, and PLS-Western patterns, respectively); the associa-
cruciferous vegetables, and wine; the PLS-Western pattern  tion between the PLS-Western pattern and CCA-IMT remained
included high intakes of French fries, processed red meat,  significant also under the Bonferroni correction (adjusted
fried fish, margarine, and sugar-sweetened beverages, and low  P-trend = 0.0012). RRR- and PLS-derived patterns using
intakes of fruits, legumes, dark-yellow vegetables, cruciferous  traditional cardiometabolic risk factors were not significantly
vegetables, and soup (Table 3 and Supplemental Table 2).  associated with subclinical carotid atherosclerosis (results
Both the RRR-Western pattern and the PLS-Western pattern  available upon request).
were positively correlated with CRP (Spearman correlation
coefficient: 0.39 and 0.32, respectively) and PAI-1 (Spearman
correlation coefficient: 0.22 and 0.135, respectively) (Table 3).
The Spearman correlation coefficient was 0.14 between PCA-

Western and RRR-Western patterns, 0.51 between PCA- Discussion

Western and PLS-Western patterns, and 0.77 between RRR-  This study evaluated the prospective associations between

Western and PLS-Western patterns. empirically derived dietary patterns during midlife and sub-
Higher adherences to PCA-Western, RRR-Western, and PLS-  clinical carotid atherosclerosis later in life among women.

Western patterns were all associated with higher CCA-IMT  After extensively adjusting for covariates, higher adherences to
after adjusting for covariates (P-trend: 0.013, 0.0058, and  Western dietary patterns derived by PCA, RRR, and PLS were
<0.001, respectively) (Table 4). Women in the fourth quartile  all associated with higher CCA-IMT. The Prudent pattern was
of the PCA-Western, the RRR-Western, and the PLS-Western ~ not significantly associated with CCA-IMT, and no significant
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TABLE 3 Correlations among empirically derived dietary patterns, food groups, and intermediate response variables in 1246
participants of the Study of Women's Health Across the Nation (USA), 1996-2013'

Spearman correlation coefficients with
intermediate response variables?

Factor loading CRP PAI-1
PCA-Western 0.10 —
High
Dairy products 0.28 0.09 —
Pizza 0.27 — —
Unprocessed red meat 0.26 0.13 —
Processed red meat 0.25 0.25 0.08
Salad dressings 0.24 — —
Low
Fruits -0 —0.12 —
Milk with lower fat content —0.09 —0.10 —
Legumes —0.07 —0.13 —
Cruciferous vegetables —0.05 —012 —0.09
Tomatoes —0.04 —0.09 —
PCA-Prudent —0.18 —0.09
High
Dark-yellow vegetables 0.39 —0.07 —0.07
Green leafy vegetables 0.38 — —
Cruciferous vegetables 0.37 —012 —0.09
Legumes 0.31 —0.13 —
Fruits 0.31 —0.12 —
Low
Whole milk —0.13 — —
Margarine —0.07 0.21 011
Sweets and desserts —0.07 — —
Organ meat —0.05 0.06 —
Beer —0.04 —0.07 —
RRR-Western 0.39 0.22
High
Margarine 0.32 0.20 0.10
Fried fish 022 0.15 —
Artificially sweetened beverages 0.22 0.19 —
Processed red meat 0.22 0.25 0.08
Sugar-sweetened beverages 017 0.17 0.09
Low
Soup —0.30 —0.14 —
Fiber cereals —0.26 —0.06 —0.13
Fruits —-0.23 —0.13 —
Cruciferous vegetables —0.23 —0.12 —0.09
Wine —022 —012 —-01
PLS-Western 0.32 0.15
High
French fries 0.27 0.13 —
Processed red meat 0.25 0.25 0.08
Fried fish 0.22 0.15 —
Margarine 0.22 0.20 0.10
Sugar-sweetened beverages 0.20 0.17 0.09
Low
Fruits —027 —0.13 —
Legumes —0.25 —0.12 —
Dark-yellow vegetables —-0.22 —0.07 —0.07
Cruciferous vegetables —0.22 —0.12 —0.09
Soup —-021 —0.14 —

1The food groups were the energy-adjusted values averaged across available visits of baseline (1996-1997), Visit 5 (2001-2003), and Visit 9 (2005-2007). For simplicity, only the
5 positively associated and the 5 inversely associated food groups with the largest factor loadings (absolute value) are shown. The sample size for reduced rank regression and
partial least squares regression was 1015 due to missing data on the intermediate response variables.

2The intermediate response variables were the log-transformed values at Visit 6 (2002-2004). For simplicity, only statistically significant (P <0.05) correlation coefficients are
shown.

CRP, C-reactive protein; PAI-1, plasminogen activator inhibitor 1; PCA, principal component analysis; PLS, partial least squares regression; RRR, reduced rank regression.
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associations were found between the identified dietary patterns
and CCA-AD or carotid plaque.

The literature on dietary patterns and subclinical atheroscle-
rosis is inconclusive with some studies suggesting the presence
of an association (14, 16, 19, 21, 22) and others finding no
such evidence (15, 17, 18, 20). Few studies have specifically
examined the associations between empirical dietary patterns
during midlife and atherosclerosis later in life among women.
In the Framingham Study, women (mean age ~47 y at baseline)
with a cluster-analysis-derived dietary pattern high in fat and
sugar and low in fruit and vegetables had significantly higher
odds of carotid artery stenosis after 12 y compared with women
with a “Heart-Healthy” diet at baseline (14). In a cross-sectional
study in Spain using cluster analysis (participants aged 40—
54 y; 37% women), compared with participants following
the Mediterranean diet, those with a “social-business” diet
high in red meat, premade foods, snacks, and sugar-sweetened
beverages had significantly higher odds of coronary artery
calcification (22). As a counterexample, in a Finnish cohort
of participants aged 24-39 y at baseline (54% women), a
PCA-derived pattern with high intakes of rye, potatoes, butter,
sausages, milk, and coffee was not associated with CCA-IMT in
women 21 y later (17). In a French cohort of women aged 35—
60 y at baseline, none of the 4 PCA-derived patterns, including
a Western pattern high in processed meat and a Prudent pattern
high in fruits, vegetables, and fish, were significantly associated
with CCA-IMT or carotid plaque measured 7.5 y later (18).
All but 1 (17) of the studies mentioned above used a single
dietary assessment to measure diet and thus were unlikely to
have accurately captured the long-term diet. Furthermore, all
4 studies included almost exclusively white participants, so the
generalizability of the results to other racial and ethnic groups
may be limited.

The use of different dietary pattern derivation techniques
and intermediate response variables may partially explain
the inconsistency in the literature. PCA uses the correlations
among food variables, and the derived patterns are heavily
influenced by cultural backgrounds. RRR and PLS allow
the incorporation of intermediate variables and thus may
assess potential etiological mechanisms and inform prevention
strategies targeted toward specific pathways. RRR has gained
popularity in nutritional epidemiology, but few studies have
compared the performances of RRR (and PLS) to the more
traditionally used PCA (27-29). Two prior studies have used
RRR (but not PLS) to evaluate the association between dietary
patterns and subclinical atherosclerosis. In a cross-sectional
analysis of the Multi-Ethnic Study of Atherosclerosis, an RRR-
derived pattern high in total and saturated fat and low in
fiber and micronutrients was associated with higher CCA-
IMT and coronary artery calcification (16). Similarly, in the
Insulin Resistance Atherosclerosis Study, a baseline RRR-
derived pattern with high intakes of refined grains, red meat,
cheese, and sugar-sweetened beverages was positively associated
with CCA-IMT after 5y (19).

The association we observed between the RRR-derived
pattern and CCA-IMT was consistent with prior studies,
although we used somewhat different intermediate response
variables (CRP and PAI-1) than those used in the Multi-
Ethnic Study of Atherosclerosis (CRP, IL-6, homocysteine, and
fibrinogen) and the Insulin Resistance Atherosclerosis Study
(PAI-1 and fibrinogen). CRP as an inflammatory biomarker and
PAI-1 as a thrombotic biomarker are both potential predictors
for CVD risk (50, 51). Further, the effect of diet on subclinical
atherosclerosis may be partly mediated by proinflammatory and
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prothrombotic processes (16, 19). Contrary to the results from
the Multi-Ethnic Study of Atherosclerosis, which reported that
a PCA-derived Western pattern was not associated with CCA-
IMT (16), the PCA-Western pattern in the present study was
associated with CCA-IMT with a magnitude comparable to that
for the RRR-Western pattern despite the fact that the PCA-
Western pattern explained little variation in the intermediate
response variables. Therefore, the PCA-Western pattern likely
promotes atherosclerosis independent of the inflammation or
hemostasis processes, or through alternative inflammatory and
hemostatic mechanisms that are not well accounted for by
CRP or PAI-1. Other potential inflammatory and hemostatic
intermediate response variables we considered included IL-
6, homocysteine, and fibrinogen, which were unavailable in
SWAN. The null finding when traditional cardiometabolic risk
factors were used as the intermediate response variables is con-
sistent with Liese et al. (19), who also initially used traditional
CVD factors as the intermediate response variables of RRR and
found that only the selection of PAI-1 and fibrinogen yielded
dietary patterns that were significantly associated with CCA-
IMT. Therefore, our study provides evidence that the association
between diet and subclinical carotid atherosclerosis may be
mediated by inflammatory and hemostatic mechanisms rather
than through traditional cardiometabolic risk factors.

Among the 3 Western patterns in this study, the PLS-
Western pattern has the strongest association with CCA-
IMT. PLS is a compromise between PCA and RRR, with the
capability of identifying food combinations that are not only
commonly consumed in the population but also associated with
intermediate risk factors (25). The PLS-derived pattern accounts
for a similar amount of variation in the intermediate response
variables and the outcomes as the RRR-derived pattern and
explains much more variation in food intake than the RRR-
derived pattern. PLS offers more flexibility over RRR, especially
in exploratory analyses in the presence of uncertainty regarding
the mechanistic pathways (27). PLS has been underutilized
in the nutritional epidemiologic literature. Future studies can
take advantage of this relatively novel technique to uncover
the interrelations among dietary exposures, intermediate risk
factors, and disease outcomes.

In the present study, in comparison with being in the lowest
quartile, being in the highest quartile of the Western patterns
was associated with differences in CCA-IMT equivalent to 24 %
to 35% of the sample SD. Previous studies report that every 1-
SD increment in CCA-IMT is associated with a 26 % higher risk
of myocardial infarction and a 32% higher risk of stroke (52).
Although it is unclear to what extent the small differences across
quartiles from the present study are clinically meaningful for
an individual woman, the results are of public-health relevance
at the population level due to the high prevalence of Western
diet in the USA. Also, the estimates from the present study
may be conservative as the women retained in the analysis
were generally healthier compared with the baseline sample
of women who were initially enrolled in SWAN. Still, the
average CCA-IMT in the SWAN population is 0.09 mm higher
than that among women of comparable age in the French
population (18, 53), indicating a high burden of subclinical
atherosclerosis among midlife women in the USA. Although
it was not possible to pinpoint the nutrients that were most
responsible for the observed associations, all 3 Western patterns
were characterized by high intakes of foods rich in saturated
fat (processed red meat, French fries, margarine, and dairy
products), trans fat (French fries and margarine), cholesterol
(processed red meat and dairy products), and added sugar



(sugar-sweetened beverages), all of which have been associated
with larger CCA-IMT (54, 55). Interestingly, the Prudent dietary
pattern per se, with relatively high loadings on fruits, vegetables,
and legumes, is not associated with subclinical atherosclerosis
in this study. This lack of association may be explained by the
overall low intake of healthy foods and the relatively narrower
distribution of the Prudent pattern factor scores compared with
the 3 Western patterns. The lowest quartiles of the Western
dietary patterns in our study all have >2 servings of fruit
per day, meeting the recommended daily intake of 2 servings
in the Healthy US-Style Eating Pattern of the 2015-2020
Dietary Guidelines (56). However, the lowest quartiles of the
Western dietary patterns all have <2 servings of vegetables
per day, failing to reach the recommended daily intake of 2.5
servings (56).

The primary strengths of this study include the focus on
multi-ethnic midlife women, the comparison of multiple data
reduction methods, the extensive adjustment of covariates, and
the use of multiple prospective measures of dietary intake to
reduce random within-person variation in diet and to more
accurately capture the long-term diet (11). This study also has
some limitations. First and foremost, carotid atherosclerosis was
measured only once. Without baseline outcome measures, it was
not possible to assess the change in atherosclerosis over time,
or when atherosclerosis began to accumulate. As a result, it is
unclear whether midlife is the most causally pertinent period
for the effect of diet (12). Future studies should collect data on
both diet and atherosclerosis repeatedly to better understand
the longitudinal associations. Second, the self-reported dietary
intake inevitably had a certain degree of measurement error,
which was minimized by the use of repeated dietary measures
from a validated FFQ and by the restriction to women with
high-quality dietary data. Also, the validity of a dietary pattern
analysis does not depend on the accurate quantification of the
absolute intake, but the relative ranking of the individuals;
the FFQ is relatively robust in ranking the levels of dietary
intake (11). Third, CRP and PAI-1 may not represent the
inflammatory and hemostatic processes that are most pertinent
to the development of atherosclerosis, in which case the
patterns derived by RRR and PLS may underestimate the true
associations. Fourth, we had to exclude 231 participants with
missing data on CRP or PAI-1. Fifth, aggregating the original
103 food items into 46 food groups is arbitrary, and differences
in food groupings may affect the patterns derived (57), although
we used the same food grouping that has been used in previous
studies (34, 35). Sixth, this study was subject to multiple testing
due to the inclusion of numerous dietary patterns and outcomes.
However, the associations remained robust after controlling for
the false discovery rate, and the key findings did not change
considerably under various sensitivity analyses. Evaluation of
potential effect modification by race/ethnicity was not among
the aims of this work but is of interest for future studies
as the effect of dietary intake may vary by racial and ethnic
backgrounds (58).

In conclusion, this prospective study identifies 3 Western
dietary patterns that are associated with a higher level of
subclinical carotid atherosclerosis in midlife women. The
menopausal transition in women represents a vulnerable
window of increased CVD risk and a crucial period for
CVD prevention. The results from this study indicate that
the positive association between the Western diet and CCA-
IMT is robust under various statistical methods of dietary
pattern identification. The adoption of a diet low in red
meat, processed meat, deep-fried products, and sugar-sweetened

beverages among midlife women is associated with lower future
atherosclerosis.
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