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Abstract

Scope—Phytosterols are bioactive compounds in plants with similar cholesterol-lowering 

properties as vegetarian diets. However, information on phytosterol intake and plasma plant sterols 

among vegetarians is sparse.

Methods and results—We examined dietary intake and plasma concentration of plant sterols 

and cholesterol across five dietary patterns in the Adventist Health Study-2 Calibration Sub-study 

(n=861, 66% females, average age 61 y). To measure intake and plasma concentration of these 

compounds, we used 24-hour dietary recalls and gas-liquid chromatography-flame ionization 

detection, respectively. Mean (SD) total phytosterol and cholesterol intake were 363 (176) mg/d 

and 131 (111) mg/d; plasma β-sitosterol, campesterol, and cholesterol were 3.3 (1.7) μg/mL, 4.2 

(2.3) μg/mL, and 1.9 (0.4) mg/mL, respectively. Total phytosterol intake was lowest among non-

vegetarians (263 mg/d) and highest among vegans (428 mg/d) (P < 0.0001). Cholesterol intake 

was lowest among vegans (15.2 mg/d) and highest among non-vegetarians (124.6 mg/d) (P < 

0.0001). Plasma plant sterols and cholesterol did not differ by diet. Cholesterol-adjusted plasma β-

sitosterol and campesterol were significantly higher in Blacks than Whites, though no ethnic 

differences were observed in dietary intake of these plant sterols.

Conclusion—Dietary intake but not plasma concentration of plant sterols and cholesterol varies 

across distinct plant-based diets.
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INTRODUCTION

Plant sterols are bioactive compounds that occur in plant foods. Structurally, plant sterols 

resemble cholesterol, except for an additional methyl- or ethyl group in the side chain[1]. In 

humans, β-sitosterol (24-ethylcholesterol) and campesterol (24-methylcholesterol) are the 

predominant plant sterols occurring in blood. They are derived solely from the diet and are 

not synthesized endogenously within the mammalian species[2]. Over 200 plant sterols have 

been identified, and the most abundant are β-sitosterol (e.g., nuts and seeds, cereals, wheat 

germ, corn oil), campesterol (e.g., cereals, oils, vegetables) and stigmasterol (e.g., oils)[3–7]. 

Foods such as beans, and some fruits also contain these plant sterols. Plant sterol intakes 

vary from 160 – 400 mg in different populations from Europe, Japan, and Mexico and differ 

by gender and educational level[1, 3, 8, 9].

Plant sterols have been studied extensively for their cholesterol-lowering properties 

associated with coronary disease risk[10–12]. More recently, findings from animal and 

human studies suggest plant sterols may also have anti-cancer, anti-inflammatory, and anti-

oxidation properties[3] which may confer favorable associations with chronic disease and 

mortality[13]. We have also shown that vegetarian dietary patterns are associated with lower 

risk of mortality[14], metabolic syndrome[15], cardiovascular risk factors[16, 17], and 

cancer[18, 19]. It is possible that the presence of plant sterols may contribute to the potential 

benefits derived from plant-based diets; however, limited information is available on the 

dietary intake and plasma concentration of plant sterols in plant-based diets.

The Adventist Health Study-2 (AHS-2) is a North American cohort[20], which provides a 

unique opportunity to investigate variations in the intake and plasma concentration of plant 

sterols, as dietary habits span a wide range of practices from vegans, lacto-ovo vegetarians 

(LOV), pesco vegetarians (PV), semi vegetarians (SV), to non-vegetarians (NV), as do the 

consumption of nuts, soy, other legumes and grains. In this report we used the AHS-2 

Calibration Study cohort to examine dietary intake and plasma concentration of plant sterols 

across distinct plant-based dietary patterns, and hypothesized that dietary intake and plasma 

concentrations of plant sterols would be higher among vegetarians compared to non-

vegetarians. The Institutional Review Board of Loma Linda University approved the study 

procedures (#5130123), and all study participants provided written consent at the time of 

enrollment.

MATERIALS AND METHODS

Study design and subject selection

We conducted cross-sectional analyses on data from the Adventist Health Study-2 

Calibration Sub-study, a representative sample of the AHS-2 cohort. Details of recruitment 

and selection methods of the parent cohort were described in a previous report[20]. Briefly, 

adult members (age 30+ years) of Seventh-day Adventist churches geographically spread 

throughout the US and Canada were recruited by mail from February 2002 – May 2007. 

Individuals who completed a comprehensive questionnaire, which included questions about 

medical history, dietary habits, physical activity, and demographic information, were 

enrolled. Approximately 27% of the cohort is black of US or Caribbean origin and the 
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remaining participants are primarily white with a minor proportion from other races. The 

Calibration Sub-study participants (n = 1011) were randomly selected from the parent cohort 

by church and then within the church by gender and age. Participants provided six 24 h 

dietary recalls (DR), completed a food frequency questionnaire, and attended a clinic at their 

local church during which height and weight were measured, and fasting blood samples 

were collected. After exclusion of subjects with missing data on demographics and 

biometrics (n = 63), dietary patterns assessed by FFQ (n = 31), plasma cholesterol values (n 

= 31), or incomplete 24 h DRs (n = 62), the analytic samples for plasma plant sterol 

concentration and phytosterol intake analyses included 803 and 731 individuals, respectively 

(Figure 1).

Dietary patterns

Dietary patterns in the AHS-2 cohort are well-characterized and are determined according to 

the frequency of reported intake of foods of animal origin from a 204-item food frequency 

questionnaire[21]. Vegans consume eggs/dairy, fish, and all other meats less than 1 time/mo; 

lacto-ovo vegetarians consume eggs/dairy 1 time/mo or more, but fish and all other meats 

less than 1 time/mo; pesco vegetarians consume fish 1 time/mo or more, but all other meats 

less than 1 time/mo; semi vegetarians consume non-fish meats 1 time/mo or more, and all 

meats combined (fish included) 1 time/mo or more but no more than 1 time/wk; and last, 

non-vegetarians consume non-fish meats 1 time/mo or more, and all meats combined (fish 

included) more than 1 time/wk. The food frequency questionnaire was previously validated 

against six 24-hour dietary recalls for intake of nutrients and selected foods/food groups. 

Validity correlations for red meat, poultry, fish, dairy, and eggs are 0.76, 0.76, 0.53, 0.86, 

and 0.64, respectively, in whites and 0.72, 0.77, 0.57, 0.82, and 0.52, respectively, in 

blacks[22].

Plant sterol content of foods

Plant sterol content of foods derived by the chromatography method was obtained primarily 

from The United States Department of Agriculture (USDA) National Nutrient Database for 

Standard Reference (Release 27)[23]. The USDA database provides data on β-sitosterol, 

campesterol, stigmasterol, and total phytosterol content of 595 foods. Foods reported by 

study participants were carefully matched to those in the USDA database. Where we could 

not find a match, we extracted plant sterol content information of these foods (n = 189) from 

individual published reports, which may have included data on campesterol, β-sitosterol, 

stigmasterol, other plant sterols, or total phytosterols[4–7, 24–34]. We report results for 

campesterol, β-sitosterol, stigmasterol, other phytosterols (calculated as the sum of plant 

stanols and other plant sterols), and total phytosterols.

Assessment of dietary intake

Trained dietitians collected from each participant six 24-hour dietary recalls by telephone, 

which were unannounced. The recalls were obtained in two sets (separated by approximately 

six months) of three variably timed interviews. Each set consisted of one Saturday, one 

Sunday and one weekday’s intake. Reported intake of foods, beverages, and medications 

were entered using Nutrition Data System for Research (NDS-R) version 4.06 or 5.0, and 

nutrient composition was based on the NDS-R 2008 database (NDS-R, Nutrition 
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Coordinating Center, Minneapolis, MN, USA). Recalls where daily energy intake was < 500 

kcal or > 4500 kcal (n=93) were excluded from analysis.

Plasma concentration of plant sterols and cholesterol

Dr. Dieter Lütjohann of The Institute of Clinical Chemistry and Clinical Pharmacology, 

University Clinics of Bonn provided estimates of plasma concentrations of cholesterol, 

lathosterol and the plant sterols, campesterol and β-sitosterol using gas chromatography-

flame ionization detection (GCFID) method[35, 36]. Fifty μg 5α-cholestane (Serva 

Electrophoresis GmbH, Heidelberg, Germany) (50 μL from a stock solution mg/mL in 

cyclohexane), used as internal standard, was added to 100 μL of human plasma at room 

temperature. Alkaline hydrolysis was performed at 68°C for one hour after addition of 1.0 

mL 1M ethanolic (90%) sodium hydroxide solution. After cooling to room temperature and 

addition of 500 μL of distilled water the unsaponified lipids were extracted twice into three 

ml of cyclohexane. The combined organic phases were dried under nitrogen at 65°C. The 

residue was dissolved in 500 μL n-decane and transferred into glass vials for GC-FID 

analysis. The hydroxy-groups of the sterols were derivatisised to trimethylsilyl (TMSi)-

ethers by adding 40 μL TMSi-reagent (pyridine-hexamethyldisilazan-trimethylchlorosilane 

9:3:1, by volume) to the n-decane solution and incubated for 1h at 90°C.

The sterols were separated on a crosslinked methyl silicone DB-XLB 122–1232 capillary 

column (J&W, Folsom, USA) (30m x 0.25 mm i.d. x 0.25 μm film thickness) in an Hewlett 

Packard (HP) gas chromatograph 6890 after splitless injection by an HP 7683 injector/auto 

sampler at 280°C. Hydrogen was used as carrier gas with an inlet pressure of 9.97 psi, 

resulting in a total gas-flow of 1.1 mL/min. The oven temperature was kept at 150°C for 3 

min. and raised at a rate of 30°C/min to a final temperature of 290°C, keeping for 22.33 min. 

Cholesterol-TMSi ether was detected with a retention time of 15.88 min by a flame-

ionization detector at 280°C with a combined constant column and make-up flow of 

hydrogen+nitrogen; 30 mL/min). Identity and retention times for all sterols were confirmed 

by using authentic cholesterol, lathosterol, sitosterol/campesterol (Sigma-Aldrich Chemie 

GmbH, München, Germany). Purity of the standard sterols was checked by GC-mass 

spectrometry spectra taken in scan-mode (50–500 m/z). Calculation of the concentrations of 

sterols was performed using 5α-cholestane as internal standard (50 μg) by a one-point 

calibration. The area amount of the corresponding sterol peak is divided by the area amount 

of 5α-cholestane and multiplied by the amount of 5α-cholestane added to the sample (50 

μg). To validate this calculation method we used standard curves for cholesterol, 

campesterol and sitosterol with 5α-cholestane as internal standard. The coefficient of 

variation of the method for cholesterol is 2% and for lathosterol, campesterol and sitosterol 

were between 3 and 5%.

Statistical analysis

Descriptive analysis was performed on unadjusted phytosterol and cholesterol variables. To 

approximate normality, a logarithmic transformation was applied to the dietary plant sterol 

and phytosterol variables, and to plasma plant sterols.
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Plant sterol intake per recall day (Y) was calculated as Y = Σ Xn × Sn, where X = mg of 

plant sterol per 100 g of food n and S = reported portion size consumed of food n in grams. 

Dietary intake estimates of plant sterols and cholesterol were energy-adjusted using the 

residual method, which produces values that are independent of energy intake. Many foods 

contain zero plant sterols, which result in participants having zero plant sterol intakes before 

energy adjustment. If the residual approach is applied these participants will end up with 

non-zero values. We instead performed a partitioned energy adjustment, where intake data 

that were initially zero were kept as zeros, and energy adjustment was applied only to non-

zero values. These energy-adjusted non-zero values were then combined with the zero intake 

data to keep all data points on the same scale. Within each of the two sets of 24 h dietary 

recalls, each day was weighted appropriately to produce a synthetic week (Saturday intake + 

Sunday intake + 5 * weekday intake) and then divided by 7 to obtain a mean daily intake 

estimate. Therefore, each participant produced two repeated measures of daily intake data.

Differences in subject characteristics by dietary pattern were determined using ANOVA on 

continuous, and chi-square tests on categorical variables. To determine differences in plant 

sterol and cholesterol intake by dietary pattern, we performed repeated measures ANCOVA 

using PROC MIXED with repeated measures of the plant sterol intake variables and 

adjusted for age, ethnicity, gender, BMI, and physical activity. Differences in plasma 

concentrations of plant sterols, lathosterol and cholesterol by diet were determined using 

PROC GLM adjusted for age, ethnicity, gender, BMI, and physical activity. We also 

included energy intake in all ANCOVA models, but energy was not significant and estimates 

changed very little if at all; thus, ANCOVA results were from analyses without energy intake 

as a confounder. It has been suggested that factors such as use of statin drugs, presence of 

metabolic syndrome, and gender may influence plasma concentration of plant sterols, and 

thus must be controlled for in the analysis[37]. We repeated the analyses by excluding 

subjects who reported taking statins and/or diabetes medications. However, results did not 

change appreciably from analyses when all subjects were included; therefore results reported 

were from analysis including all subjects.

Since ethnicity was significant in the ANCOVA models for dietary intake of β-sitosterol, 

campesterol, other phytosterols and total phytosterols, as well as plasma concentration of β-

sitosterol and campesterol, we further examined the interaction between diet and ethnicity 

and performed two-way ANCOVA adjusted for age, gender, body mass index (BMI), and 

physical activity. For all pairwise comparisons, values in other dietary patterns were 

compared to that in non-vegetarians (reference) using Dunnett’s post hoc test to adjust for 

multiple comparisons. Analyses were carried out using SAS statistical software package 

release 9.4 (SAS Institute Inc., Cary, NC, USA) and figures were generated using R version 

2.10.1 (http://www.r-project.org/).

RESULTS

Descriptive statistics for dietary intake of β-sitosterol, campesterol, stigmasterol, other 

phytosterols, total phytosterols, and cholesterol and plasma concentrations of plant sterols, 

lathosterol and cholesterol are shown in Table 1. Plant sterols in the diet were predominantly 

β-sitosterol (237 mg/d) followed by campesterol (59 mg/d), stigmasterol (44 mg/d), and 
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other phytosterols (23 mg/d). Total phytosterol intake was on average 363 mg/d. 

Campesterol was higher than β-sitosterol in plasma. Mean (SD) plasma cholesterol was 192 

(39) mg/dL. The analytic sample included 46% non-vegetarians, 5% semi vegetarian, 11% 

pesco vegetarians, 28% lacto-ovo vegetarians, and 10% vegans. Differences among selected 

subject characteristics by dietary pattern are presented in Table 2. Age and BMI significantly 

differed by dietary pattern (both p<0.0001). Average age tended to increase from non-

vegetarians to vegans. As expected, BMI was lowest among vegans and highest among non-

vegetarians. Energy and dietary intake of polyunsaturated (PFA) and saturated (SFA) fatty 

acids, and PFA to SFA (PS) ratio were significantly associated with dietary pattern 

(p<0.0001 for energy and fatty acids). PS ratio among vegans was double that of NVs. The 

proportion of Blacks and Whites was significantly different by dietary pattern (p<0.0001), 

with a greater proportion of Blacks being pesco vegetarians and non-vegetarians, and Whites 

more likely semi vegetarians, LOVs and vegans.

Dietary intake of phytosterols differed across diets, and generally was lowest among NVs, 

and highest among vegans (Table 3). Compared to non-vegetarians, PVs, LOVs and vegans 

had significantly higher intake of β-sitosterol (p≤0.0001 for all 3 diets), campesterol 

(p≤0.0001 for all 3 diets), stigmasterol (p≤0.0001 for all 3 diets), other phytosterols (p≤0.05 

for all 3 diets), and total phytosterols (p≤0.0001 for all 3 diets). Total phytosterol intake was 

highest (428 mg/d) among vegans and lowest among non-vegetarians (263 mg/d). 

Cholesterol intake was significantly lower among PVs (p≤0.0001), LOVs (p≤0.0001), and 

vegans (p≤0.0001) compared to non-vegetarians, with vegans having the lowest (15 mg/d) 

and non-vegetarians the highest intake (125 mg/d) of cholesterol. Plant sterol to cholesterol 

ratios followed the same patterns, with ratios over 95% higher among vegans compared to 

non-vegetarians. In stratified analysis, we did not find ethnic differences in the intake of β-

sitosterol, campesterol, other phytosterols, and total phytosterols; however, within each 

ethnic group, we found that intake of these phytosterols was significantly higher among 

PVs, LOVs, and vegans compared to non-vegetarians (Figure 2).

Multivariable analyses comparing plasma concentration of plant sterols, lathosterol and 

cholesterol by dietary pattern are shown in Table 4. Comparisons of the absolute 

concentration of plant sterols and lathosterol among vegetarian patterns compared to non-

vegetarians were non-significant. Unexpectedly, plasma cholesterol concentration among 

other vegetarian diets was not significantly different from non-vegetarians. The non-

significant results for plant sterol-to-cholesterol ratios were similar to those observed with 

absolute values, except for β-sitosterol to cholesterol ratio, which was significantly higher 

among vegans than non-vegetarians. On stratification by ethnic group, plasma 

concentrations of β-sitosterol, campesterol, and their respective ratios with cholesterol 

tended to be higher among Blacks than Whites (Figure 3). Compared to Whites, plasma 

concentrations of β-sitosterol and campesterol were significantly higher in Blacks by >30% 

among non-vegetarians (p≤0.0001 for both plant sterols), >75 % among SVs (p≤0.05 for 

both plant sterols), and >20% among LOVs (p≤0.05 for campesterol only). Differences 

between Blacks and Whites for β-sitosterol to cholesterol ratio and campesterol to 

cholesterol ratio were similar in magnitude for non-vegetarians (p≤0.0001), SVs (p≤0.05), 

and LOVs (p≤0.05). Plasma concentrations among Blacks did not differ by dietary pattern. 
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Among Whites, however, β-sitosterol to cholesterol ratio among vegans was significantly 

higher than among non-vegetarians (p≤0.05).

DISCUSSION

Our findings in this relatively large sample of adults demonstrated that dietary intake of 

plant sterols varied by distinct dietary patterns, with intake of β-sitosterol, campesterol, 

stigmasterol, other phytosterols and total phytosterols generally highest among vegans and 

lowest among non-vegetarians. Absolute cholesterol intake was relatively low in this 

population with average intakes as low as 15 mg/d among vegans, and 125 mg/d among non-

vegetarians. Plasma cholesterol, absolute plasma concentrations of β-sitosterol, campesterol, 

lathosterol and their ratios with cholesterol among vegetarian diets did not differ from non-

vegetarians. Dietary intake of β-sitosterol and campesterol did not differ by race; however, 

plasma concentrations of these plant sterols tended to be higher among Blacks compared to 

Whites.

The associations of dietary intake of plant sterols, other phytosterols, and total phytosterols 

with dietary patterns were consistent with our hypothesis. The high intake of the 

phytosterols among vegetarians might be explained by the generally higher intakes of whole 

grains, tree nuts, vegetable oils, and legumes among vegetarians compared to non-

vegetarians in the AHS-2 cohort[38]. Our findings, however, were contrary to a 1984 report 

that quantified plant sterol intake in a small sample of Adventist adults (50 NVs, 50 LOVs, 

and 18 vegans) selected from the previous Adventist Health Study cohort from 

California[39]. In that study total plant sterol intake, quantified as the sum of β-sitosterol 

and stigmasterol, was lowest among vegans (89 mg/d), highest among LOVs (344 mg/d), 

and intermediate among NVs (231 mg/d). In the current study, these values were 

approximately 326 mg/d, 265 mg/d, and 201 mg/d, respectively. It is likely that in the 1984 

study, the dated analytical methods used to quantify plant sterols resulted in underestimated 

plant sterol intakes. A later 2009 publication, which compared the phytosterol content and 

nutrient profile of five different diets (phytosterol-deficient, DASH-based high-phytosterol, 

American Heart Association, Atkins Lifetime Maintenance, and vegan)[40], showed that the 

total phytosterol content per 2000 kcal in the vegan diet was 445 mg/d, and 500 mg/d in the 

DASH-based high-phytosterol diet. Both of these values are slightly lower compared to the 

total phytosterol intake of vegans we found in our study (518 mg per 2000 kcal/d on 

average); nevertheless they provide external confirmation of the relatively high phytosterol 

intake estimates in the AHS-2 cohort. By comparison to other populations, total phytosterol 

intake levels in AHS-2 were within the 3rd – 5th quintile of intake observed in the EPIC-

Norfolk (265–749 mg/day)[10] and Swedish cohorts (210 – 327 mg/d)[1], and somewhat 

higher than the Spanish EPIC cohort (241 – 349 mg/d)[8] and adults from Finland (237 – 

305 mg/d)[9].

Our findings of relatively low cholesterol intake among vegetarians were consistent with 

expectations given that in a previous report from our group, we reported that the intake of 

foods such as solid fats, butter, eggs, and other animal-based foods was higher among non-

vegetarians compared to vegetarians[38]. In a 2009 report by Racete et al[40], cholesterol 

content in the vegan diet (8 mg/d) was even lower than the cholesterol intake of AHS-2 
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vegans (18 mg/d per 2000 kcal), which confirms that such low intakes of cholesterol is 

possible. Compared to our study population cholesterol intake was considerably higher in 

the EPIC-Norfolk cohort[10] as well as a population from northern Sweden[1] and 

Finland[9]. The lower cholesterol intake in our sample compared to other populations may 

be partially explained by the relatively low intake of meat in AHS-2 non-vegetarians (59 

g/d) compared to the 128 g/d reported among Americans[41].

The overall null findings for the associations of absolute plasma campesterol and β-sitosterol 

with dietary pattern departed from expectations, though not impossible given that less than 

5% of ingested plant sterols are absorbed[42] in humans. Plasma concentrations of plant 

sterols differ markedly from cholesterol in their intestinal absorption and biliary elimination. 

Specifically, absorption of plant sterols is much less and their excretion into bile is much 

faster than cholesterol[43–45]. For example, in a study that compared cholesterol absorption 

and metabolism among control and vegetarian subjects, biliary concentrations of β-sitosterol 

and campesterol were significantly higher among vegetarians than the controls[44]. In the 

same study, cholesterol absorption was also inversely correlated with fecal plant sterol, an 

indication that fecal plant sterol could be used as a surrogate measure of plant sterol 

intake[45].

Our finding that plasma cholesterol did not differ between non-vegetarians and vegans was 

unexpected, particularly since vegan diets tend to have lower total cholesterol compared to 

omnivorous diets[46, 47]. From a dietary perspective, the relatively low plasma cholesterol 

among the AHS-2 non-vegetarians might be reasonable because of their generally low 

cholesterol intake (125 mg/d) and high PS ratio (1.0), and dietary cholesterol at very high 

intake levels (≥650 mg/d) has been shown to be associated with high serum total 

cholesterol[48]. It is also possible that because cholesterol intake was particularly low 

among vegans, endogenous production of cholesterol may have occurred, but the 

cholesterol-corrected concentration of lathosterol, a surrogate plasma marker of endogenous 

cholesterol synthesis, was not significantly different between the groups. A more likely 

explanation of our results, however, may be related to the influence of phytosterols on 

cholesterol metabolism. In a feeding study that examined the effects of intrinsic phytosterols 

(naturally occurring in foods) on cholesterol metabolism, Lin et al reported that a 

phytosterol-abundant diet (449 mg/2000 kcal) compared to a phytosterol-poor diet (126 mg/

2000 kcal) was associated with significantly lower cholesterol absorption, significantly 

higher excretion of total cholesterol, significantly higher cholesterol-adjusted plant sterols, 

and no difference in serum total cholesterol[49]. Indeed, when we assessed cholesterol-

adjusted plasma plant sterols in AHS-2, we found that β-sitosterol-to-cholesterol ratio was 

significantly higher among vegans compared to non-vegetarians, which is consistent with 

results from a study that also found higher cholesterol-adjusted β-sitosterol among 

vegetarian compared to control subjects[44]. These observations suggest that an abundance 

of phytosterols may have interfered with cholesterol absorption thus producing lower than 

expected plasma cholesterol even among non-vegetarians.

A comparison of our results with other populations show that absolute plasma cholesterol 

concentration in our study subjects was lower compared to a cohort from The 

Netherlands[50]; whereas absolute plasma campesterol and β-sitosterol were higher 
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compared to a sample of subjects from the LASA study with no vascular disease[50] and in 

control subjects from the EPIC-Norfolk cohort[51]. It is interesting to note that the absolute 

plasma concentrations of cholesterol and campesterol in our cohort (average age 60 y) are 

comparable to concentrations that have been observed in much younger populations 

(children and teens)[37].

A notable finding from our study is that the relationship between plasma concentration of 

plant sterols and vegetarian diets varied between Blacks and Whites. The vegetarians tended 

to have higher values in Blacks (Figure 3), despite the fact that we found no ethnic 

differences in plant sterol intake within the dietary patterns (Figure 2). This ethnic variation 

persisted even with the cholesterol-adjusted plasma β-sitosterol and campesterol values. 

These observations suggest a possible genetic component in the metabolism of plant sterols 

and other sterols in humans.

We recognize some strengths and weaknesses in this study. Although dietary patterns were 

determined based on consumption of animal products from FFQ, an assessment of the 

FFQ’s performance indicates that intake estimates of animal-based foods from the FFQ have 

moderate to high correlations with 24-hr dietary recalls. Having a relatively large group of 

subjects with diverse dietary patterns and using multiple 24-hour dietary recalls to estimate 

dietary intake were advantageous as these features provided variation in intake data at the 

group level, and allowed for adjustment of within person variation in intake, respectively. To 

estimate plant sterol intake, we compiled plant sterol concentration data of foods from 

several sources thus producing a relatively comprehensive and updated database of plant 

sterols. Limitations include the potential measurement error inherent in a single assessment 

of the FFQ and biomarkers, and the possibility of residual confounding which may have 

attenuated the associations observed. The study sample is representative of the full AHS-2 

cohort, but lacks generalizability to the North American population because of the health-

related recommendations of the Seventh-day Adventist church for its members.

In conclusion, we provide evidence that dietary intake of plant sterols and cholesterol varies 

among distinct vegetarian diets compared to non-vegetarians.
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Figure 1. 
Study design and flowchart

AHS2, Adventist Health Study-2; 24 h DR, 24-hour dietary recall; FFQ, food frequency 

questionnaire.
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Figure 2. 
Comparison of mean (whiskers as 95% CI) dietary intake of β-sitosterol, campesterol, total 

phytosterols, and other phytosterols by dietary pattern among ▼ Blacks and ■Whites. The 

y-axis represents dietary intake, and the x-axis, the dietary patterns NONVEG=non-

vegetarian (168 Blacks, 165 Whites), SEMIVEG=semi vegetarian (9 Blacks, 25 Whites), 

PESCO=pesco vegetarian (48 Blacks, 35 Whites), LOV=lacto-ovo vegetarian (43 Blacks, 

166 Whites), and VEGAN (29 Blacks, 43 Whites). Pairwise differences were determined 

using two-way analysis of variance adjusted for age, gender, BMI, and physical activity with 

post hoc Dunnett’s test to correct for multiplicity. Differences were not significant by 

ethnicity. Within each ethnic group, difference was statistically significant compared to non-

vegetarians (reference) at ap≤0.0001 or bp≤0.05.
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Figure 3. 
Comparison of mean (whiskers as 95% CI) plasma concentrations of β-sitosterol, 

campesterol, plasma β-sitosterol to cholesterol ratio, and plasma campesterol to cholesterol 

ratio by dietary pattern among ▼ Blacks and ■ Whites. The y-axis represents plasma 

concentrations, and the x-axis, the dietary patterns NONVEG=non-vegetarian (186 Blacks, 

185 Whites), SEMIVEG=semi vegetarian (11 Blacks, 24 Whites), PESCO=pesco vegetarian 

(54 Blacks, 37 Whites), LOV=lacto-ovo vegetarian (58 Blacks, 166 Whites), and VEGAN 

(35 Blacks, 47 Whites). Pairwise differences were determined using two-way analysis of 

variance adjusted for age, gender, BMI, and physical activity with post hoc Dunnett’s test to 

correct for multiplicity. Within a specific dietary pattern, the difference between Blacks and 

Whites was significant at *p≤0.0001 or **p≤0.05. Within each ethnic group, difference was 

statistically significant compared to non-vegetarians (reference) at ap≤0.05.
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