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Abstract
Aims Left ventricular diastolic dysfunction (LVDD) is an early heart failure with preserved ejection fraction (HFpEF) phenotype that is reversible. Identifying dietary predictors associated with LVDD in diverse populations may help broadly improve
HFpEF primary prevention.
Methods and results This longitudinal analysis included 456 individuals of the Bogalusa Heart Study (27% Black, 63% women,
baseline age = 36.1 ± 4.4 years). Diet was measured at baseline through food frequency questionnaires. LVDD was deﬁned at
follow-up (median = 12.9 years) through echocardiographic measurement of the E/A ratio, E/e′ ratio, isovolumic relaxation
time, and deceleration time. Multivariable-adjusted logistic regression estimated the risk of LVDD according to dietary predictor, adjusting for traditional cardiovascular disease risk factors. Compared with the lowest tertile, participants in the middle
tertile of total protein (OR = 3.30, 95% CI: 1.46, 7.45) and animal protein (OR = 2.91, 95% CI: 1.34, 6.34) consumption experienced the highest risk of LVDD. There was a 77% and 56% lower risk of LVDD for persons in the middle vs. lowest tertile of
vegetable (OR = 0.23, 95% CI: 0.11, 0.49) and legume consumption (OR = 0.44, 95% CI: 0.22, 0.85), respectively. Total protein,
animal protein, processed meat, and egg consumption indicated a quadratic trend towards increased risk of LVDD, while legume and vegetable intake conferred a quadratic trend towards decreased risk of LVDD (all quadratic P < 0.05).
Conclusions Diets higher in animal foods and lower in plant foods are associated with an increased risk for LVDD. These ﬁndings suggest threshold effects of diet on LVDD, past which more traditional cardiometabolic determinants occupy a larger role
in HFpEF risk.
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Introduction
Heart failure (HF) is the most rapidly increasing form of cardiovascular disease globally.1,2 In the United States, the prevalence of HF is projected to increase by nearly 50% over the
next decade, affecting more than 8 million individuals by
2030.3 Epidemiologic studies indicate that HF with preserved
ejection fraction (HFpEF) is becoming the predominant form

of disease.4 Given the dearth of therapeutic strategies for
HFpEF,5 identiﬁcation and minimization of risk factors associated with subclinical HFpEF phenotypes is a novel approach
to reverse the HF epidemic and reduce the societal and economic costs associated with this disease.
Left ventricular diastolic dysfunction (LVDD), characterized
by impaired relaxation and elevated ﬁlling pressures, is one of
the earliest insults on the myocardial ischaemic cascade and a
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primary subclinical HFpEF phenotype.6,7 In addition to sharing
an independent association with all-cause mortality,8 LVDD
represents an important transitional point on the causal
HFpEF pathway as previous research suggests that LVDD is
reversible.9,10 Preservation of diastolic function through dietary modiﬁcation, in particular, may represent an efﬁcient
strategy to broadly improve primary prevention of HFpEF in
the general population. Previous studies have shown that
long-term calorie restriction11 and modulation of carbohydrate intake12 can improve diastolic function in healthy
middle-aged individuals and HFpEF patients, respectively.
Dietary patterns with liberal whole grain, legume, fruit,
and vegetable intake, including the Mediterranean13 and Dietary Approaches to Stop Hypertension diets,14 vs. a Southern
or Western dietary pattern,15,16 high in fried foods, processed
meats, and added fat, have been associated with a lower and
higher risk of incident HF, respectively. Despite these observations, it is unknown as to which isolated components of
these dietary patterns may contribute to LVDD and future
HFpEF risk. Likewise, while clinical trials have demonstrated
the antihypertensive effect of dietary protein,17 a key mechanism that may help preserve diastolic function, the relationship between the amount or source of dietary protein and
diastolic function has yet to be assessed. Proteins originating
from plants, including legumes, grains, and vegetables, may
differentially inﬂuence cardiovascular disease risk compared
with proteins originating from animals.18
We prospectively examined the association of animal and
plant food intakes with LVDD, deﬁned via two-dimensional
and tissue Doppler echocardiography, among Black and
White men and women of the Bogalusa Heart Study (BHS).

Methods
Study population
The BHS is an epidemiological study examining the natural
history of cardiovascular disease across the lifespan. Between
1973 and 2016, seven surveys of children aged 4–17 as well
as 10 surveys of adults, who had been previously observed
as children, were completed.19 There were 524 individuals
with dietary and covariable data at baseline (2001 to 2002)
who underwent echocardiogram assessment and had an
ejection fraction greater than or equal to 55%20 at
follow-up (2013 to 2016), with available measures for all necessary covariables. Among this sample, 10 individuals with a
dietary intake of <500 calories or >5000 calories,21 and 58
individuals on blood pressure (BP), lipid, and/or
glucose-lowering therapy were excluded, leaving 456 individuals in the ﬁnal analysis (Supporting Information, Figure S1).
The current study sample (n = 456) was similar to the full
BHS sample (n = 1203) at the 2001 to 2002 study visit

(Supporting information, Table S1). All of the data were managed using REDcap electronic data capture tools hosted at
Tulane University.22 All study participants provided written
informed consent at each examination, and study protocols
were approved by the Institutional Review Board of the
Tulane University Health Sciences Center.

Dietary data
Dietary data were collected using the Youth/Adolescent
Questionnaire (YAQ), a semiquantitative, validated,
151-item food frequency questionnaire. A food frequency
questionnaire approach, as opposed to the 24-h dietary recall
method, was used to capture long-term dietary trends.21 BHS
participants were on average 36.1 years old (minimum age:
24.0 years; maximum age: 43.5 years) upon completion of
food frequency questionnaires. Previous studies have demonstrated that the YAQ can successfully capture dietary habits
and patterns by this young adult population residing in
Bogalusa, Louisiana.23,24 While the average age of participants ﬁlling out the YAQ was older than ‘youth’ criteria, investigators chose to use the YAQ at this study survey,
between 2001 to 2002, to maintain comparability and reproducibility from previous examinations. We studied several animal and plant food variables and focused on protein as a
macronutrient due to previous evidence regarding protein’s
role in BP,17 one upstream determinant of ventricular ﬁlling
and HF. Food variables included dairy, eggs, red meat, processed meat, poultry, ﬁsh, whole grains, legumes, and vegetables. Individual foods included in each respective food
variable are presented in Supporting Information, Table S2.
Nutrient intake analysis, including total protein, dietary animal protein, total alcohol consumption, and total calorie intake, was performed at the Channing Laboratory,
Department of Medicine, Brigham and Women’s Hospital at
Harvard Medical School, Boston, MA. Foods and nutrients
were ranked into tertiles of consumption for statistical
analyses.

Left ventricular diastolic function assessment
Two-dimensional and tissue Doppler echocardiography were
performed by trained cardiac sonographers at the BHS ﬁeld
ofﬁce during the 2013 to 2016 study visit. BHS participants
were on average 49.0 years old (minimum age: 36.4 years;
maximum age: 56.9 years) at the time of echocardiography.
Participants were placed in a partial left lateral decubitus position for echocardiographic assessment. Ten cycles of each
two-dimensional and Doppler signal were recorded. Echocardiographic recordings were accomplished using an Aplio 300
ultrasound instrument (Toshiba America Medical Systems,
Tustin, CA) with a linear array transducer of 7.5 MHz using
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a standard protocol.25 Left ventricular (LV) ejection fraction
was assessed by tracing the endocardial border in the
two-chamber view in end systole and end diastole. Diastolic
function parameters assessed included early LV ﬁlling peak
velocity (E), late LV ﬁlling peak velocity (A), deceleration time
(DT), and isovolumic relaxation time (IVRT). Both the medial
and lateral mitral annular velocities (e′) were measured using
tissue Doppler echocardiography, and we used the average of
the two velocities to derive a composite E/e′ ratio.26 The apical four-chamber view was utilized to assess patterns of mitral inﬂow including, DT, E wave, A wave, and e′ wave
velocities. The E and A wave velocities were assessed using
pulsed-wave Doppler echocardiography of transmitral ﬂow
at the mitral valve leaﬂet tips, while medial e′ velocity was
measured using pulsed-wave tissue Doppler echocardiography of the mitral annulus. The apical ﬁve-chamber view was
used to measure IVRT, speciﬁcally by placing the sample volume in the LV outﬂow tract to concurrently evaluate aortic
ejection and the onset of mitral inﬂow. Doppler sample
volumes were placed between the mitral leaﬂet tips to
measure DT. Tricuspid regurgitation velocity and left atrial
maximum volume index were not measured in early BHS
visits; thus, we used the 2016 European Association of
Echocardiography/American Society of Echocardiography
guidelines to assess diastolic function.25 Individuals were then
grouped as having normal LV diastolic function (E/A ≥ 0.8 and
IVRT < 100 ms and DT < 200 ms), impaired LV relaxation (E/
A < 0.8 and IVRT ≥ 100 ms and DT ≥ 200 ms), pseudonormal
LV ﬁlling (0.8 < E/A < 1.5 and medial e′ < 8 ms or lateral e
′ < 10 ms or E/e′ > 10), and restrictive LV ﬁlling (E/A ≥ 2
and IVRT ≤ 60 ms and DT < 160 ms).25 LVDD was deﬁned
having impaired relaxation, pseudonormal ﬁlling, or restrictive ﬁlling.25 Using these guideline-based deﬁnitions, there
were 13 individuals with impaired LV relaxation and 59 individuals with pseudonormal LV ﬁlling, yielding a total of 72 individuals with LVDD in the analysed sample of BHS
participants at follow-up.

Covariables
All covariate data were collected at baseline. Rigorous protocols were employed to collect clinical and sociodemographic
data on BHS participants.27 Validated questionnaires were
used to obtain demographic and lifestyle variables, speciﬁcally age, race, sex, cigarette smoking, and education status.
Cigarette smoking, never vs. former or current, and education status, post-high school educational attainment vs. high
school education or below, were both represented as
two-level categorical variables. Fasting measures of
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglycerides, and glucose were
collected using standardized methods.28 BP was measured
in triplicate, while height and weight were measured in
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duplicate at the time of physical exam. Weight in kilograms
was divided by height in metres squared to calculate body
mass index (BMI). Serum creatinine was measured using the
kinetic Jaffe method. Serum creatinine was used to calculate
estimated glomerular ﬁltration rate (eGFR) via the chronic
kidney disease epidemiology collaboration equation.29 Physical activity was assessed through two survey questions ‘compared to other people your age and sex, how would you rate
your physical activity at work during the past year?’ and
‘compared to other people your age and sex, how would
you rate your physical activity outside of work during the past
year?’. Survey responses to these questions were on a 1, inactive, to 5, most active, scale. For the current analysis, the
scores for physical activity were added together to generate
a continuous 10-point scale, with higher scores reﬂecting
higher levels of physical activity.

Statistical analysis
Continuous variables were presented as mean ± standard deviation, while numbers and percentages were used to present
categorical variables. Normality of continuous variables was
assessed via the Kolmogorov–Smirnov test. The Student’s ttest and Wilcoxon signed-rank test were used to assess differences in normally and non-normally distributed continuous
variables, respectively. Differences between categorical variables were evaluated using Pearson’s chi-square test. We
conducted and reported race-stratiﬁed and sex-stratiﬁed
analyses when appropriate. Baseline values for covariates, including age, education, smoking, total calorie intake, alcohol
consumption, triglycerides, LDL-C, HDL-C, systolic BP, diastolic
BP, BMI, fasting blood glucose, eGFR, and physical activity,
were used in multivariable regression models. The associations of dietary protein with risk of LVDD were assessed using
three sequentially adjusted multivariable logistic regression
models: (i) model 1: sex, race, and age; (ii) model 2: model
1 covariates + education, smoking, total calorie intake, alcohol consumption, natural logarithm of serum triglycerides,
LDL-C, and HDL-C; and (iii) model 3: model 2
covariates + systolic BP + diastolic BP + BMI + fasting blood
glucose + eGFR. Isocaloric substitution analyses21 were conducted using the difference in beta coefﬁcients of continuous
dietary predictors and were adjusted for model 3 covariates.
We conducted three sensitivity analyses: (i) adding physical
activity as a covariable to model 3; (ii) excluding individuals
(n = 141) without baseline echocardiograms from fully adjusted models; and (iii) adjusting for 12-year change in traditional cardiovascular disease risk factors. All hypothesis tests
were two-sided and used an alpha threshold of 0.05 for detecting statistically signiﬁcant differences. Statistical analyses
were conducted in SAS Studio (version 3.8; SAS Institute
Inc., Cary, NC).
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Results
Table 1 presents the baseline characteristics of the 456 BHS
participants (mean age, 36.1 ± 4.4 years; 62.7% women;
26.5% Black) across tertile of total protein consumption. A total of 72 individuals (15.8%) developed LVDD over the study
follow-up period (median 12.9 years), and LVDD was signiﬁcantly associated with tertile of total protein consumption
(P = 0.03). Sex (P < 0.01) and race (P = 0.03) signiﬁcantly associated with protein consumption, as the highest proportions of women (70.4%) and Black individuals (32.2%) were
observed among those who consumed less than 50 g of total
protein per day. The average daily total energy intake was
1978.1 ± 742.6 kcal, which was within the recommended
range (1800 to 2600 kcal per day) for sedentary to moderately active individuals. Contrastingly, participants had a

higher than average daily total protein intake (74.3 ± 29.5 g
per day) compared with the recommended range for
middle-aged men and women (46 to 56 g per day). At baseline,
individuals
on
average
were
overweight
(BMI = 28.7 ± 6.8 kg/m2) and had normal systolic BP
(114.5 ± 11.9 mmHg) but elevated diastolic BP
(77.5 ± 8.8 mmHg) and elevated LDL-C (122.7 ± 31.7 mg/
dL). Compared with individuals with preserved diastolic function, those with LVDD were signiﬁcantly older, had higher systolic and diastolic BP, and were more likely to be black
(Supporting Information, Table S3).
The associations of animal and plant foods with risk of
LVDD are presented in Table 2. Signiﬁcant quadratic relationships of total protein (P-trend = 0.003), animal protein (Ptrend = 0.02), processed meat (P-trend = 0.02), egg (Ptrend = 0.03), fresh vegetable (P-trend<0.001), and legume
(P-trend = 0.04) consumption with LVDD were identiﬁed,

Table 1 Characteristics of 456 Bogalusa Heart Study participants by tertile of total protein consumption
Variable

a

Tertile 1 (n = 152)

Tertile 2 (n = 152)

Tertile 3 (n = 152) P value

36.1 (4.4)
12.9 (12.3, 13.4)
286 (62.7)
121 (26.5)
205 (44.9)
6.0 (5.0, 8.0)
1.8 (2.4)
107 (23.5)

36.3 (4.5)
12.8 (12.2, 13.4)
107 (70.4)
49 (32.2)
62 (40.8)
5.8 (4.0, 8.0)
1.5 (2.3)
37 (24.3)

35.7 (4.3)
12.9 (12.3, 13.4)
98 (64.5)
29 (19.1)
73 (48.0)
6.1 (5.0, 8.0)
1.7 (2.2)
30 (19.7)

35.7 (4.3)
12.9 (12.3, 13.3)
81 (53.3)
43 (28.3)
70 (46.1)
6.3 (5.0, 8.0)
2.1 (2.5)
40 (26.3)

0.37
0.65
0.007
0.03
0.42
0.26
0.10
0.38

1978.1 (742.6)
74.3 (29.5)
51.1 (21.7)
3.0 (1.5, 4.5)
3.5 (2.5, 5.0)
1.0 (0.5, 3.0)
1.0 (0.5, 1.5)
5.0 (2.0, 8.0)
1.0 (0.5, 3.0)
7.0 (4.0, 11.5)
1.5 (1.0, 3.5)
1.0 (0.5, 3.5)

1321.3 (371.9)
45.5 (10.1)
30.6 (8.2)
2.0 (1.0, 3.0)
2.5 (1.5, 3.5)
0.5 (1.5, 3.5)
0.5 (0.5, 1.0)
2.3 (1.0, 5.0)
0.5 (0.5, 3.0)
5.0 (3.0, 8.0)
1.3 (0.5, 1.5)
0.5 (0.0, 3.0)

1882.7 (332.2)
70.2 (6.2)
48.1 (6.9)
3.0 (2.0, 4.0)
3.5 (2.8, 4.5)
1.0 (0.5, 3.0)
1.0 (0.5, 1.0)
5.0 (2.0, 8.0)
1.0 (0.5, 3.0)
6.5 (4.5, 10.5)
1.5 (1.0, 4.0)
1.5 (0.5, 3.3)

2730.4 (632.5)
107.2 (23.1)
74.8 (17.6)
4.5 (3.5, 6.0)
5.0 (3.5, 7.0)
3.0 (1.0, 3.0)
1.5 (1.0, 2.0)
8.0 (5.0, 11.3)
3.0 (1.0, 3.0)
10.5 (6.3, 16.0)
2.0 (1.5, 4.5)
2.0 (0.5, 6.0)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

114.5 (11.9)
77.5 (8.8)
28.7 (6.8)
122.7 (31.7)
48.3 (13.4)
83.6 (14.8)
99.0 (72.0, 144.0)
104.6 (16.6)

114.6 (12.7)
78.0 (9.3)
28.6 (7.1)
123.3 (31.0)
48.5 (12.0)
81.9 (9.0)
119.5 (71.5, 143.5)
104.5 (16.6)

113.8 (12.0)
76.8 (8.6)
28.5 (6.5)
124.2 (32.5)
48.8 (13.9)
84.0 (20.8)
127.7 (78.5, 143.0)
104.7 (16.3)

115.1 (11.2)
77.8 (8.3)
28.9 (6.8)
120.5 (31.7)
47.6 (14.1)
84.9 (12.0)
126.0 (70.5, 147.0)
104.5 (17.1)

0.64
0.43
0.89
0.56
0.71
0.19
0.69
0.99

64.0 (3.9)
1.2 (0.3)
6.7 (1.8)
187.9 (46.4)
93.5 (21.9)
72 (15.8)

64.0 (3.6)
1.2 (0.3)
6.7 (1.7)
187.1 (44.3)
90.6 (21.4)
17 (11.2)

64.2 (4.6)
1.2 (0.3)
6.8 (1.9)
189.0 (47.6)
94.9 (22.1)
33 (21.7)

63.8 (3.5)
1.2 (0.3)
6.7 (1.8)
187.7 (47.6)
95.0 (22.0)
22 (14.7)

0.60
0.92
0.82
0.93
0.13
0.03

All (n = 456)
b

Sociodemographic and lifestyle
Age, years
Follow-up time, years
Female, n (%)
Black, n (%)
Post-high school education, n (%)
Physical activity score
Alcohol, grams/day
Current smoker, n (%)
b
Dietary intake
Total energy intake, kcal/day
Total protein, grams/day
Animal protein, grams/day
Red meat, servings/week
Processed meat, servings/week
Chicken, servings/week
Fish, servings/week
Dairy intake, servings/week
Egg intake, servings/week
Fresh vegetables, servings/week
Legumes, servings/week
Whole grains, servings/week
b
Cardiovascular disease risk factors
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg
2
BMI, kg/m
LDL cholesterol, mg/dL
HDL cholesterol, mg/dL
Fasting blood glucose, mg/dL
Serum triglycerides, mg/dL
2
eGFR, mL/min/1.73m
c
Imaging
Ejection fraction, %
E/A ratio
E/e′ ratio
Deceleration time, ms
Isovolumic relaxation time, ms
Left ventricular diastolic dysfunction, n (%)

Mean and standard deviation presented for normally distributed continuous variables; median and quartile 1 and quartile 3 presented for
non-normally distributed continuous variables.
a
ANOVA test for continuous variables and chi-square test for categorical variables.
b
Collected at baseline.
c
Collected at follow-up.
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Table 2 Consumption of animal and plant foods and risk of left ventricular diastolic dysfunction
Dietary
predictor

Tertile 1 (n = 152)

Tertile 2 (n = 152)

Tertile 3 (n = 152)

OR (95% CI)

OR (95% CI)

OR (95% CI)

Total protein, grams/day
Model 1
Ref
Model 2
Ref
Model 3
Ref
Animal protein, grams/day
Model 1
Ref
Model 2
Ref
Model 3
Ref
Red meat, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Processed meat, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Chicken, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Fish, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Dairy, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Eggs, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Fresh vegetables, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Legumes, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref
Whole grains, servings/week
Model 1
Ref
Model 2
Ref
Model 3
Ref

Overall
P value

Linear
trend

Quadratic
trend

2.73 (1.40, 5.31)
3.19 (1.48, 6.90)
3.30 (1.46, 7.45)

1.54 (0.76, 3.11)
2.07 (0.68, 6.33)
2.12 (0.67, 6.71)

0.01
0.007
0.009

0.36
0.28
0.32

0.003
0.003
0.003

2.52 (1.29, 4.92)
2.84 (1.36, 5.94)
2.91 (1.34, 6.34)

1.74 (0.87, 3.47)
2.38 (0.88, 6.41)
2.51 (0.90, 7.02)

0.03
0.02
0.03

0.17
0.11
0.11

0.01
0.02
0.02

0.98 (0.52, 1.86)
0.98 (0.50, 1.91)
0.79 (0.39, 1.60)

1.18 (0.63, 2.21)
1.14 (0.56, 2.31)
1.13 (0.54, 2.36)

0.82
0.90
0.59

0.57
0.70
0.64

0.77
0.82
0.36

2.60 (1.30, 5.23)
2.70 (1.28, 5.70)
2.64 (1.22, 5.72)

1.95 (0.94, 4.04)
2.05 (0.89, 4.75)
2.00 (0.84, 4.78)

0.03
0.03
0.05

0.20
0.29
0.33

0.01
0.01
0.02

0.88 (0.47, 1.66)
0.88 (0.46, 1.70)
0.82 (0.41, 1.65)

0.70 (0.37, 1.31)
0.73 (0.37, 1.44)
0.72 (0.36, 1.45)

0.52
0.66
0.65

0.26
0.38
0.40

0.86
0.84
0.69

1.70 (0.92, 3.15)
1.73 (0.92, 3.24)
1.54 (0.80, 2.96)

1.17 (0.59, 2.31)
1.18 (0.57, 2.45)
1.10 (0.51, 2.37)

0.22
0.21
0.39

0.82
0.81
0.95

0.08
0.08
0.17

1.02 (0.53, 1.95)
0.93 (0.48, 1.84)
1.08 (0.53, 2.19)

1.05 (0.56, 1.97)
0.92 (0.46, 1.84)
0.88 (0.42, 1.83)

0.99
0.97
0.86

0.87
0.81
0.74

0.98
0.92
0.65

2.11 (0.97, 4.57)
2.28 (1.02, 5.08)
2.47 (1.07, 5.69)

1.28 (0.71, 2.32)
1.26 (0.66, 2.40)
1.32 (0.66, 2.63)

0.17
0.12
0.09

0.77
0.94
0.92

0.06
0.04
0.03

0.28 (0.14, 0.57)
0.27 (0.13, 0.55)
0.23 (0.11, 0.49)

0.59 (0.32, 1.08)
0.56 (0.29, 1.10)
0.47 (0.23, 0.96)

0.002
0.002
<0.001

0.27
0.27
0.14

0.001
<0.001
<0.001

0.47 (0.25, 0.88)
0.46 (0.25, 0.88)
0.44 (0.22, 0.85)

0.54 (0.28, 1.03)
0.51 (0.25, 1.03)
0.44 (0.21, 0.94)

0.04
0.04
0.02

0.13
0.13
0.08

0.04
0.04
0.04

0.85 (0.43, 1.70)
0.88 (0.43, 1.78)
0.90 (0.43, 1.90)

0.81 (0.45, 1.47)
0.84 (0.45, 1.55)
0.91 (0.47, 1.74)

0.78
0.85
0.95

0.53
0.61
0.81

0.75
0.79
0.82

Model 1: adjusted for age, sex, and race. Model 2: adjusted for age, sex, race, education, smoking, total energy intake, alcohol consumption, serum triglycerides, LDL-C, and HDL-C. Model 3: adjusted for age, sex, race, education, smoking, total energy intake, alcohol consumption, serum triglycerides, LDL-C, HDL-C, systolic blood pressure, diastolic blood pressure, BMI, and fasting blood glucose, eGFR

such that individuals in the middle tertile were observed to
have either the highest or lowest risk of LVDD depending
on the respective dietary variable. Compared with individuals
in the lowest tertile, persons in the middle tertile of total protein intake were 3.3 times more likely to develop LVDD,
which was the highest magnitude parameter estimate observed among all dietary correlates. Individuals in the middle
tertile of animal protein, processed meat, and egg intake all
had a twofold to threefold signiﬁcantly higher risk of LVDD
when compared with individuals in the lowest tertile of each
respective dietary correlate.
Higher fresh vegetable and legume intake showed protective associations with LVDD, with signiﬁcant quadratic trends

again observed. Individuals in the middle and highest tertile
of fresh vegetables consumption per week had at least a
53% lower risk of developing LVDD compared with persons
with the lowest tertile of consumption. Similarly, persons in
the middle and highest tertile of legume intake were 56% less
likely to develop LVDD when compared with those in the lowest tertile of legume intake. Among signiﬁcant dietary predictors, there was an overall pattern towards decreased risk of
LVDD upon replacing plant foods for animal foods in isocaloric substitution analyses (Figure 1). After controlling for traditional cardiovascular disease risk factors, replacing one
weekly serving of legumes for red meat conferred a 22% risk
reduction for LVDD (OR = 0.78, 95% CI: 0.62, 0.98).
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Figure 1 Estimated reduction in risk of left ventricular diastolic dysfunction associated with isocaloric substitution of plant foods for animal foods.

No signiﬁcant associations or trends of LVDD with red
meat, chicken, ﬁsh, dairy, or whole grains were observed. Results from the sensitivity analyses, additionally adjusting
model 3 for physical activity, excluding participants without
baseline echocardiography, and adjusting for 12-year change
in traditional CVD risk factors are presented in Supporting Information, Tables S4–S6. Overall, odds ratios and P values in
the sensitivity analyses were consistent with primary study
results presented in Table 2.
Figure 2 displays the associations of each dietary predictor with LVDD, stratiﬁed by sex. Although sex did not significantly modify the association of any dietary factor with
LVDD, marginally signiﬁcant interactions of sex with total
protein, animal protein, red meat, and fresh vegetables
on LVDD were observed (all P-interaction _x0003C; 0.15).
Total protein and animal protein conferred higher risks of
LVDD in women but not men (P-interaction = 0.12 and
0.07, respectively). In addition, fresh vegetable consumption tended to have larger protective effects in men compared with women (P-interaction = 0.06). Race did not
signiﬁcantly modify the association of plant or animal foods
with LV diastolic function.

Discussion
Our results suggest that dietary intake patterns in young
adulthood serve as important modiﬁable risk factors for the
development of LVDD in midlife among Black and White
men and women. In particular, higher consumption of plant
food sources, including vegetables and legumes, may help
protect against future development of LVDD, while regular intake of animal protein and processed meat may increase risk
of LVDD and broader long-term cardiometabolic disease.
These ﬁndings suggest that dietary improvements at the population level may help prevent LVDD and subsequent development of HFpEF over time.

Our study is the ﬁrst to analyse the association between
dietary protein and LV diastolic function, and these results
ﬁt into a broader context of research regarding protein
consumption and cardiometabolic disease. For example,
analyses in over 2000 Finnish men in the Kuopio Ischemic
Heart Disease Risk Factor Study identiﬁed a signiﬁcant linear trend in increased risk for incident HF with higher dietary intake of total protein, as well as dairy protein.30
Similar ﬁndings have also been observed in more diverse
cohorts, suggesting that adherence to plant-based dietary
patterns inversely associates with HF risk15 and that replacing animal protein or processed meat with plant protein associates with lower total and cardiovascular disease
mortality.31,32 We found that a higher intake of total protein, animal protein, processed meat, and eggs showed a
signiﬁcant quadratic trend towards increased risk of LVDD,
while vegetables and legumes exhibited a quadratic trend
towards decreased LVDD risk among Black and White
men and women. The threshold effects observed here suggest that dietary patterns may appreciably inﬂuence LVDD
risk up to a certain extent, past which more traditional upstream determinants, including BP,33 BMI,33 insulin
sensitivity,34 and kidney function35 may more largely impact
the development of LVDD and HFpEF. Diets high in protein
and red meat have previously been associated with an increased incidence of chronic kidney disease36 as well as
type 2 diabetes,37 two independent risk factors for HF. In
addition, dietary threshold effects have also been previously reported for other subclinical cardiovascular disease
phenotypes including the relationship between dietary cholesterol and dyslipidemia.38
We observed a 22% lower risk of LVDD upon replacement
of one weekly serving of red meat for legumes over a 12-year
period. Animal-derived and plant-derived proteins have different amino acid compositions, and these biochemical differences may be important drivers or modiﬁers in their
relationship with cardiometabolic health. Branched-chain
amino acids, leucine, isoleucine, and valine are higher in
ESC Heart Failure 2020; 7: 2700–2710
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Figure 2 Consumption of animal and plant foods and risk of left ventricular diastolic dysfunction, stratiﬁed by sex.

animal protein-based diets compared with plant-based
diets39,40 and appear to confer an increased risk of type 2
diabetes41 and cardiovascular disease,42 particularly in
women.43 Branched-chain amino acid catabolism is also impaired in the failing heart.44 We found a higher risk of LVDD
conferred by increased dietary intakes of both animal protein
and processed meat, with sex-stratiﬁed analyses demonstrating a trend towards higher risk of LVDD with increased intake
of total protein and animal protein in women but not men.
These results suggest that biological sex may potentially modify the association of animal protein with LV diastolic function, such that dietary protein and branched-chain amino
acid metabolism may have unique pathophysiological roles
in women vs. men. For example, the positive association between branched-chain amino acids and CVD has noted to be
more prominent in women vs. men.43 Likewise, there may be
gonadal hormone regulation of both upstream (e.g.
microbiome-dependent metabolism) and downstream (e.g.
amino acid catabolism) pathways that contribute to observed
sex differences45 in the role of dietary protein in CVD and LV
diastolic function. Given our relatively small sample size and
the complexity of dietary protein metabolism, subgroup analyses in men and women in the current study should be cautiously interpreted. Furthermore, while Blacks demonstrate
a higher prevalence of undiagnosed hypertension compared
with Whites,46 our study did not observe any race-speciﬁc effect of diet on LVDD.

The relationships of dietary protein sources with LV diastolic function we identiﬁed in this study are both novel and
salient. There are several mechanisms that may contribute
to a lower risk of LVDD and HFpEF with higher intake of vegetables and legumes, including physiological effects related to
isoﬂavones,
ﬁbre,
potassium
and
magnesium.
Dietary isoﬂavones, obtained through soy-based foods
such as tofu and tempeh, independently associate with
lower systolic BP and may exert their effects through
endothelium-dependent vasodilation.47 Soy protein is rich in
arginine, an essential component of the nitric oxide pathway,
which may help promote vasodilation.48 Moreover, vegetables are rich in potassium, a micronutrient that has also been
shown to reduce BP in randomized controlled trials.49 Vegetables and legumes are also excellent sources of dietary ﬁbre,
a macronutrient that can improve insulin sensitivity,50 reduce
total and LDL-C,50 and lower BP.51 Individuals who obtain
most of their calories and protein from animal sources may
not derive these latter dietary beneﬁts from vegetables and
legumes and may also have higher exposure to sodium that
often accompanies animal protein and processed meat
intake.52 Dietary exposure to high sodium and oxidized proteins through processed meats and animal protein consumption may be a key contributor to the heightened
cardiometabolic risk that is consistently observed upon regular consumption of these foods.53,54 Furthermore, while lowcarbohydrate/high-protein diets have been previously shown
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to reduce cardiovascular disease risk,55 we identiﬁed a deleterious association between higher total protein intake and
LVDD. This result was driven by animal protein and processed
meat, suggesting that the dietary source (plant vs. animal) of
macronutrients may be just as important as the quantity of
macronutrient intake. Additional research is required to disentangle the most optimal balance of dietary animal and
plant protein for LVDD, HFpEF, and broader cardiometabolic
disease prevention.
Our study had several strengths, including a high proportion of both women (62%) and Black participants (25%). Although female gender is a robust differentiating
characteristic of HFpEF compared with HF with reduced ejection fraction,56,57 women are still underrepresented in HF58
and broader cardiometabolic clinical trials.59 These observed
gender disparities suggest the presence of sex-speciﬁc mechanisms of ventricular pathobiology and a need to include
more women in aetiologic studies of HFpEF. Here, we show
that plant-based protein may be of importance for the preservation of diastolic function among a sample comprised of
nearly two-thirds women; thus, our ﬁndings are both clinically relevant and generalizable for targeted HFpEF prevention efforts.
On the other hand, our ﬁndings should also be
interpreted in the setting of limitations. Only 315 out of
456 participants in the current study had baseline echocardiography data and tissue Doppler parameter, e′, was not
measured during this BHS Visit. However, none of the
315 individuals exhibited impaired LV relaxation as measured by E/A ratio, IVRT, and DT, which is the initial insult
on the LVDD biological cascade, and results excluding those
without baseline echocardiography were consistent compared with main study ﬁndings. Given these data and the
young age of participants at baseline, the presence of LVDD
at baseline was exceedingly unlikely.60 Additionally, dietary
data for this study were collected only at baseline,
preventing the analysis of change in dietary habits over
time. Likewise, we were unable to assess the role of inﬂammatory markers as they relate to diet, oxidative stress, and
cardiac remodelling in the setting of LVDD. Studies of diet
and LVDD should strive to incorporate novel markers, such
as high-sensitivity C-reactive protein (inﬂammation), osteopontin (remodelling), and neuropilin (angiogenesis).61 Finally, although logistic regression models were adjusted
for several traditional cardiometabolic factors and lifestyle
variables, residual confounding may have affected our results and is a limitation shared among all observational
study designs.
In conclusion, we have observed that a higher intake of total protein, animal protein, processed meat, and eggs conferred higher risks of LVDD, while higher legume and fresh
vegetable intake conferred lower risks of LVDD. Observed
quadratic trends suggest the presence of a threshold effect,
such that diet may inﬂuence risk of LVDD and future HFpEF

up to a certain extent, past which traditional cardiometabolic
determinants occupy or mediate a larger role in ventricular
function. Our ﬁndings support the notion that adherence to
consuming predominantly plant-based protein may help preserve LV function over time and reduce the burden of HFpEF
in the general population.
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