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Prospective, randomized, controlled comparison of the
effects of low-fat and low-fat plus high-fiber diets
on serum lipid concentrations13

James W Anderson, Thomas F Garrity, Constance L Wood, Sarah E Whitis,

Belinda M Smith, and Peter R Oeltgen

ABSTRACI’ Previous studies examining the hypocholes-

terolemic effects of high-soluble-fiber diets have not been de-

signed to control for dietary fat intake. Serum cholesterol re-

ductions may therefore be accounted for by differences in con-

sumption of fat. Moderately hypercholesterolemic, nonobese,

Caucasian men and women, 30-50 y old were randomly assigned

to low-fat, low-fat plus high-fiber, or usual-diet groups and fol-

lowed for 12 mo. At 12 mo the high-fiber group consumed sig-

nificantly more soluble fiber than both the low-fat and usual-

diet groups (P = 0.0063 and P = 0.0001); the high-fiber group

did not differ from the low-fat group in quantity of dietary fat

consumed. The high-fiber group experienced a greater average

reduction (1 3%) in serum cholesterol than did the low-fat (9%)

and usual-diet (7%) groups. After adjustment for relevant co-

variates, the reduction in the high-fiber group was significantly

greater than that in the low-fat group (P = 0.0482). Supplemen-

tation with soluble fiber reduces serum cholesterol beyond the

reduction observed with low-fat diet alone. Am J C/in Nutr

I 992;56:887-94.

KEY WORDS Hypercholesterolemia, lipoproteins, Amer-

ican Heart Association diet, high-fiber diet, nutrition education

Introduction

Foods rich in soluble fiber, such as oat or bean products, or

soluble-fiber supplements, such as guar or psyllium, significantly

lower serum cholesterol values of hypercholesterolemic individ-

uals (1-4). But these studies can be criticized for their lack of a

randomized, low-fiber, low-fat control group (5). Without such,

it is possible that serum cholesterol reduction occurs not because

ofany specific serum cholesterol-lowering effects of soluble fiber,

but rather because the introduction of fiber-rich foods replaces

foods rich in saturated fatty acids and cholesterol.

This study examined the hypothesis that serum cholesterol

reduction occurs as a result ofaddition ofdietary fiber, separate

from, and perhaps in addition to, the reduction of dietary fat.

Methods

Design

This study is a prospective, randomized trial comparing a

control group (CG) with two groups on cholesterol-lowering

diets-the American Heart Association Phase II diet (AHA) and

a similar low-fat diet with a generous amount of fiber added,

the high-carbohydrate fiber (HCF) diet. CG participants were

directed to maintain current dietary behaviors. The unpaid par-

ticipants were followed for 12 mo, with diet and blood lipid data

collected at baseline, 4, 8, and 1 2 mo from diet groups, and at

baseline and 12 mo from the control group. At the beginning

ofthe program, AHA and HCF volunteers participated in a 10-

wk, diet-education seminar series, with periodic contacts with

teaching dietitians for the balance of the first year. CG partici-

pants received no diet education. Because of the nature of the

educational program, subjects were not blinded to their group

assignment, nor were their teaching or coordinating dietitians.

Technicians who analyzed blood samples were blinded to group

assignment.

Clinical population

Public screening of 340 1 individuals drawn from major em-

ployers, churches, and shopping centers in the Central Kentucky

area occurred between March and October of 1987. Individuals

were considered eligible if they had serum cholesterol values

between 5. 1 8 and 7.76 mmol/L (200-300 mg/dL) and serum

triglyceride values < 5.65 mmol/L (500 mg/dL) after a 12-h fast

on two screenings, 2 wk apart. Eligible persons were free of types

III and IV hyperlipoproteinemia, and were without a history of

lipid-modifying diets. Subjects were Caucasians between 30 and

50 y of age, and between 80% and I 20% of ideal body weight

by the Metropolitan tables (6). Inclusion required freedom from

hypertension (ie, blood pressure < 160/90 mm Hg), diabetes

(fasting plasma glucose < 7.78 mmol/L, or 140 mg/dL), and

known coronary, renal, chronic obstructive pulmonary, malig-

nant, and other potentially life-shortening diseases. Finally, per-

sons taking steroid, birth-control, estrogen, or cholesterol-low-
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ering medications were ineligible. One hundred ninety-nine in-

dividuals met all eligibility criteria and agreed to join the study.

One hundred seventy-seven of these persons were allocated to

groups by a stratified (age, sex, and baseline cholesterol), system-

atic, random procedure.

All subjects signed consent forms and the study protocol was

approved by the University of Kentucky Medical Internal Re-

view Board for human subjects.

A total of 3 1 of the original participants were lost to follow-
up or dropped by the end of 12 mo of follow-up. Sixteen mdi-

viduals decided to leave the study before the 12-mo data collec-

tion for reasons including time pressures (n = 8), new illness (n

= 2), desire to initiate cholesterol-lowering drug therapy (n = 2

in the CG group and n = 1 each in the AHA and HCF groups),

and personal life crisis (n = 2). Eleven participants who had

provided 12-mo data were subsequently dropped from the study:

10 had begun to take medication during follow-up that might

influence cholesterol concentrations, such as various hormones

and bile acid sequestrants, and 1 had become pregnant. Four

individuals moved away from the Central Kentucky region be-

tween baseline and the 1 2-mo follow-up. Hence, after 12 mo of

follow-up, 146 participants remained in the study (5 1 in the CG,

47 in the AHA, and 48 in the HCF groups); 1 1, 9, and 1 1 subjects

from the respective groups did not complete the study. After

excluding the data from these participants, Tables 1-3 indicate

that the three study groups remained comparable at baseline on

all variables except sex. The HCF group had a somewhat lower

percentage of males than did the other two groups. The ratio of

male to female smokers was 3.5: 1 . A careful examination of

males who dropped out or who were excluded from the HCF

group indicated that in all but one their attrition was not treat-

ment related. Because participant recruitment and screening were

directed primarily toward major white-collar employers, the final

sample was better educated, and more affluent than the general

population of the area.

Procedures

Because eligible participants were identified and randomized

between March and October 1987, they completed the consent

procedure, provided baseline data, and, ifassigned to one of the

diet groups, began the l0-wk, diet-education program. Five entry

waves were staggered over this period, thereby smoothing the

workload of project staff.

The AHA and HCF diet groups followed diets that were in

most respects quite similar. Both diets recommended nutritional

targets derived from the AHA Phase II guidelines (7), including

55% of energy from carbohydrate, 20% of energy from protein,

25% of energy from fat, and � 200 mg dietary cholesterol/d.

The diets differed only in the amount of dietary fiber recom-

mended, namely, � 1 5 g in the AHA diet, and 50 g in the HCF

diet.

Preplanned meal patterns for varying energy amounts were

tailored to meet each individual’s lifestyle, preferences, and hab-

its. The general daily guidelines provided to both diet groups

included three servings each offruits and vegetables; four servings

of bread or starch foods; two low-fat dairy items; � 198.45 g

lean meat, poultry, or seafood; no egg yolk; and fat servings

based on energy content. Optional patterns including a serving

ofsweets (ie, jelly, gelatin, and fruit-flavored ice pop) and alcohol

were also available to participants. Guidelines for the HCF group

included at least one serving of beans and one serving of cereal

chosen from the HCF exchange groups. The use of soluble-fiber-

rich cereals such as oat bran was encouraged.

These dietary goals were seen as ultimate objectives that would

be approached through a process of gradual change in habitual

diet practices. Participants were directed to maintain initial body

TABLE 1

Selected baseline characteristics of study participants5

Characteristic
COt

(3 1 M, 20 F)

AHAj
(3 1 M, I 6 F)

HCF�
(25 M, 23 F)

Age (y) 40.33 ± 5.39 40.66 ± 5.23 40.67 ± 5.03

Education (y) 16.16 ± 2.68 16.43 ± 2.55 16.60 ± 2.79

Height (cm) 169.82 ± 18.77 174.35 ± 9.37 172.24 ± 8.84

Weight (kg)

Baseline 71.44 ± 9.91 72.04 ± 8.69 71.08 ± 12.70

Changell -0.44 ± 2.68 - 1.06 ± 2.49 - 1 .02 ± 3.54

Smokers (%) 1 1.76 10.64 14.58
Number of cigarettes smoked/d

Baseline 2.35 ± 7.44 2.38 ± 7.78 1.92 ± 6.01
Change 0.76 ± 2.53 -0.64 ± 4.73 -0.52 ± 2.98

Exercise (total energy Id . kg

body wt’ .d’)

Baseline 148.4± 11.5 155.5±22.5 155.0± 27.2

Change 13.7 ± 28.2 -5.73 ± 19.0 0.08 ± 16.9

Alcohol consumed (g/d)
Baseline 15.19 ± 31.45 7.43 ± 10.16 3.59 ± 7.36

Change -3.93 ± 21.5 0.36 ± 14.2 0.79 ± 10.0

5 1 ± SD.

t Control Group.
:� American Heart Association Phase II diet group.
§ High-carbohydrate fiber diet group.

II Twelve-month value minus baseline value.
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TABLE 2

Study group comparisons ofdietary intake at baseline and 4, 8, and 12 mo, and for change over 12 mo5

CGt AHAt HCFI
Dietary intake and time (n 51) (n 47) (n = 48) P11

Energy (U)
Baseline 9109 ± 393 8221 ± 824 8678 ± 335 NSIF
4mo - 7196±306 8188±356 0.037
8 mo - 7288 ± 289 8234 ± 399 0.037
12 mo 8414 ± 310 7878 ± 318 8523 ± 314 NS

Change5 -695±364 -343±280 -155±331 NS
Carbohydrate (%)

Baseline 48 ± 1.3 48 ± 1.3 50 ± 0.9 NS
4 mo - 54 ± 1.2 55 ± 1.0 NS

8mo - 52± 1.2 55± 1.0 0.048
12 mo 50 ± 1.1 53 ± 1.3 55 ± 1.Ott 0.004

Change 1.4 ± 1.3 4.5 ± 1.2ff 5.3 ± 1.1ff NS

Fat (%)
Baseline 33±1.0 35±1.0 33±0.9 NS

4 mo - 27 ± 1.1 27 ± 0.9 NS

8 mo - 29 ± 1.0 26 ± 0.9 NS
12 mo 31 ± 0.8ff 30 ± 1.1 27 ± 0.9� 0.022

Change -2.0 ± 1.1H -5.0 ± 1.0ff -5.6 ± 1.2ff 0.040

Saturated fatty acid (%)
Baseline 11±0.5 11±0.5 11±0.4 NS

4 mo - 8 ± 0.4 8 ± 0.4 NS
8 mo - 9 ± 0.4 8 ± 0.6 NS
12 mo 10 ± 0.4H 9 ± 0.4 8 ± 0.4 0.001
Change -1.0 ± 0.5� -2.0 ± 0.4ff -3.0 ± 0.5ff 0.013

Monounsaturated fatty acid (%)
Baseline I I ± 0.4 12 ± 0.5 12 ± 0.4 NS

4 mo - 10 ± 0.5 9 ± 0.4 NS
8 mo - 10 ± 0.4 10 ± 0.6 NS
l2mo 11 ±0.5 11 ±0.5 10±0.4 NS
Change 0.0 ± 0.5H -2.0 ± 0.5ff -2.0 ± 0.5ff 0.025

Polyunsaturated fatty acid (%)

Baseline 7 ± 0.4 8 ± 0.4 8 ± 0.3 NS

4 mo - 7 ± 0.4 7 ± 0.4 NS
8 mo - 8 ± 0.5 7 ± 0.4 NS

12 mo 7 ± 0.4 8 ± 0.4 7 ± 0.3 NS

Change 0.0 ± 0.4 0.0 ± 0.5 -1.0 ± 0.4ff NS

Protein (%)

Baseline 16±0.5 16±0.5 17±0.5 NS
4mo - 18±0.6 18±0.5 NS
8mo - 18±0.5 18±0.5 NS
l2mo 18±0.6 17±0.5 18±0.5 NS

Change 1.2 ± 0.7 1.0 ± 0.5 0.6 ± 0.6 NS

Dietary cholesterol (mg)

Baseline 267 ± 21 247 ± 18 261 ± 18 NS

4mo - 166±13 169±10 NS
8 mo - 160 ± 10 188 ± 13 NS

12 mo 219 ± 13 178 ± 12 194 ± 14 NS

Change -48 ± 18ff -69 ± 18ff -67 ± 18ff NS

Total fiber (g)

Baseline 17 ± 1.4 17 ± 1.1 19 ± 1.6 NS

4 mo - 20 ± 1.1 27 ± 2.1 0.003
8 mo - 19 ± 0.9 26 ± 2.0 0.002
12 mo 17 ± 1.3 20 ± 1.3 25 ± l.6111111 0.001

Change 0.1 ± 1.4 3.0 ± 1.3ff 5.6 ± l.9ttff 0.040

Soluble fiber (g)
Baseline 5±0.4 5±0.3 6±0.5 NS
4 mo - 6 ± 0.4 9 ± 0.8 0.000
8mo - 6±0.3 9±0.7 0.001
l2mo 5±0.5 6±0.5 9±0.61111*5* 0.001
Change 0.5 ± 0.5 1.5 ± 0.5� 3.0 ± 0.6fflIlIlill 0.004

a � � SE.

t Control group.
� American Heart Association Phase II diet group.

§ High-carbohydrate fiber diet group.

II Probability value from analysis of variance for homogeneity of treatment group means.
#{182}P>0.05.
5* Twelve-month value minus baseline value.

tt Significantly different from CG, P < 0.05 (pair-wise comparisons).
if Significantly different from baseline, P < 0.05.
§1 Significantly different from both AHA and HCF, P < 0.05.
liii Significantly different from CG, P < 0.01.
#{182}�J***Significantly different from AHA: #{182}IIP< 0.05, �P < 0.01.
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TABLE 3
Study group comparisons of serum variables at baseline and 4, 8, and 12 mo, and for change over time5

Serum variable and time
COt

(n = 5 1)

AHA�
(n = 47)

HCF�

(n = 48) P11

Cholesterol (mmol/L)
Baseline 5.92 ± 0.07 6.09 ± 0.07 6.09 ± 0.08 NSIT
12 mo 5.50 ± 0.09 5.50 ± 0.09 5.30 ± 0.10 NS

Change5 -0.42 ± 0.O8tt -0.59 ± 0.O9tt -0.79 ± 0.O9ttff 0.009
LDL cholesterol (mmol/L)

Baseline 4.00 ± 0.07 4.13 ± 0.08 4.19 ± 0.08 NS

12 mo 3.60 ± 0.08 3.57 ± 0.09 3.44 ± 0.09 NS

Change -0.40 ± 0.O6tt -0.56 ± 0.08ff -0.75 ± 0.O8ttff 0.005
HDL cholesterol (mmol/L)

Baseline 1.20 ± 0.04 1.32 ± 0.04 1.27 ± 0.05 NS
12 mo 1.21 ± 0.04 1.33 ± 0.04 1.23 ± 0.05 NS

Change 0.01 ± 0.02 0.01 ± 0.02 -0.04 ± 0.02 NS

LDL:HDL
Baseline 3.5 ± 0.1 3.3 ± 0.2 3.5 ± 0.2 NS

l2mo 3.2±0.1 2.8±0.1 3.0±0.2 NS

Change -0.3 ± 0. 1tt -0.5 ± 0. 1tt -0.5 ± 0. 1tt NS
Log triglyceride

Baseline 0.36 ± 0. 1 0.25 ± 0. 1 0.22 ± 0. 1 NS

12 mo 0.30 ± 0.1 0.19 ± 0.1 0.17 ± 0.1 NS

Change -0.06 ± 0. 1 -0.05 ± 0. 1 -0.06 ± 0. 1 NS

Apolipoprotein B-lOO (mg/L)
Baseline 957 ± 22 954 ± 24 951 ± 26 NS

12 mo 946 ± 29 900 ± 27 884 ± 29 NS

Change -11 ±27 -54±23tt -67±23tt NS

Apolipoprotein A-I (mg/L)

Baseline 1431 ± 32 1491 ± 39 1486 ± 39 NS

12 mo 1447 ± 33 1480 ± 35 1441 ± 40 NS

Change 16±23 -11 ±28 -45±29 NS

S I ± SE.

t Control group.
:1:American Heart Association Phase II diet group.
§ High-carbohydrate fiber diet group.

II Probability value from analysis of variance for homogeneity of treatment group means.
#{182}P>0.05.
5* Twelve-month value minus baseline value.

tt Significantly different from baseline, P < 0.05.
Ii: Significantly different from CG, P < 0.05 (pair-wise comparisons).

weight throughout the study. No additional recommendations

were made regarding modification ofother risk-relevant behav-

iors, such as smoking and exercise, although these behaviors

were monitored throughout the study.

Educational seminar protocols for the two diet groups were

also quite similar and one instructor conducted the seminars for

both groups. Seminars were structured as 1-h sessions in which

a modest amount of new information was presented each week;

participant discussion and questions were encouraged. Partici-

pants in both groups (� 10/group) were strongly encouraged to

attend meetings with a spouse or close friend. Demonstrations

and active problem solving were major vehicles for learning.

Emphasis was placed on practical rather than theoretical knowl-

edge. For example, recipe modification, shopping strategies, label

reading, and healthful restaurant eating were topics of seminar

sessions. Dietary-fat reduction was stressed for both diet groups,

but considerable emphasis on inclusion of dietary fiber was

stressed for the HCF groups. Appropriate instructional materials

were provided, some prepared by project staffand some available

from the AHA and the HCF Nutrition Research Foundation

(8). At the end of the hour-long seminar, each participant and

partner met individually for �30 mm with a consulting dietitian

assigned to them for the duration ofthe project. They discussed

individual dietary progress and problems of the past week, and

set achievable goals for the next week. Furthermore, participants

were encouraged to call the dietitian during the week when

problems and questions arose with regard to the diet regimen.

These dietitians also made home visits four times during the

year at which further instruction and problem solving were ac-

complished, as well as data collection integral to the diet as-

sessment. Each dietitian was responsible for four participants,

two each from the two diet groups. When a participant missed

a seminar session, the participant was asked to attend the same

session when it was offered during the subsequent wave of the

study or individually with the dietitian. AHA participants at-

tended 85% ofthe sessions, and HCF participants attended 87%.

After completing the l0-wk seminar series and individual ses-

sions with personal dietitians, AHA and HCF participants en-
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tered the follow-up phase ofthe program which lasted the balance

of the year. Periodic contacts with project staffoccurred at 4, 8,

and 12 mo when the personal dietitians visited participants in

their homes for additional problem solving and data collection,

and when subjects visited the project office for blood sampling

and other measures. These interim serum values were provided

to participants in the AHA and HCF groups. Personal dietitians

also made monthly phone calls to check progress and problem

solve with their clients.

Measurement of variables

This report presents analysis of data collected at baseline, 4,

8, and 12 mo from diet groups (baseline and 12 mo for the CG

group) on energy consumed per day, with percentages from car-

bohydrates, protein, fat, saturated fatty acids, monounsaturated

fatty acids, and polyunsaturated fatty acids. Data were also col-

lected on daily consumption of cholesterol, total fiber, and sol-

uble fiber. These data were derived from 3-d food-consumption

diaries completed on two weekdays and one adjacent weekend

day. Participants were given formal instruction on keeping ac-

curate records and the diaries were carefully reviewed by the

personal dietitians when the completed diaries were collected.

A foods-on-hand survey was also collected at each home visit

to validate the 3-d food diary. The 3-d records were entered and

analyzed by using a commercially available, computerized, nu-

trition database program consisting of I 800 food items and 58

nutrients (Nutritionist III, N-Squared Computing, Silverton,

OR). This program was updated to include total and soluble
fiber contents for each food (9, 10), as well as expanded to include

data on complete cholesterol; saturated, monounsaturated, and

polyunsaturated fatty acids; and simple carbohydrates for each

food (1 1). Two hundred twenty-five additional food items were

entered into the database as needed. The dietary variables an-

alyzed in this report were the means of each variable reported

over the 3-d period.

Blood samples collected after a 12-h fast provided information

on baseline and 12-mo serum lipid values. During the screening,

samples were drawn on two occasions separated by �2 wk; these

lipid results were averaged and used as the baseline value. Twelve-

month lipid values were derived from a single blood sample

drawn close to the anniversary of the subject’s induction into

the study. Serum cholesterol, triglyceride, and high-density-li-

poprotein (HDL) cholesterol concentrations were determined

in the Lipid Analysis Resource Unit ofthe Lexington Veterans’

Affairs Medical Center, Lexington, KY, by enzymatic methods,

using the Abbott VP Analyzer (Abbott Laboratories, North

Chicago, IL). Serum total cholesterol was measured by using a

cholesterol-esterase, cholesterol oxidase assay ( 1 2). Serum tri-

glyceride concentrations were determined by hydrolyzing the

triglycerides and measuring the released glycerol (13); triglyceride

values were right skewed and, therefore, transformed to natural

log scale for analysis. Serum HDL cholesterol was measured by

the same method as was serum total cholesterol after removing

low-density-lipoprotein (LDL) cholesterol and very-low-density-

lipoprotein (VLDL) cholesterol with magnesium dextran sulfate

(14). The intraassay and interassay coefficients ofvariation were

0.8% and 3.2% for total cholesterol, 0.8% and 2.9% for triglyc-

erides, and 1 .4% and 5.0% for HDL cholesterol. Accuracy of

measurements was ensured by using Ciba-Corning QCS Normal

Unassayed Control (Ciba Corning, Irvine, TX) and Ciba-Corning

Assayed Elevated Lipid Control for cholesterol and triglyceride

determinations, and HDL Cholesterol Low and High Control

(Sigma Diagnostics, St Louis) for HDL determinations. Instru-

ment calibration was carried out by using Abbott Aqueous Cho-

lesterol Standards for cholesterol and HDL cholesterol mea-

surements. Serum concentrations of LDL cholesterol were cal-

culated from total-cholesterol, HDL-cholesterol, and triglyceride

concentrations (1 5). Apolipoproteins A-I and B-lOO were de-

termined in serum by using Tago Diffu-Gen Radial Immuno-

diffusion Plates (Tago, Inc. Burlingame, CA). These are single

radial immunodiffusion kits that use a modification of a pro-

cedure developed by Mancini et al ( 16). To ensure accuracy of

these lipoprotein determinations, Tago High, Medium, and Low

Reference Sera and Ciba-Corning Elevated Lipid Control are

run on each radial immunodiffusion plate for apolipoproteins

A-I and B-lOO along with patient sera.

Several additional variables were measured because of their

potential relevance to serum lipid concentrations: body weight,

smoking, and usual exercise behaviors. Body weight was mea-

sured with calibrated balance scales. Smoking behavior was

measured with a self-administered questionnaire on which par-

ticipants were asked to report whether or not they currently

smoked, and if so, how many cigarettes per day. Exercise was

measured with an interview, by the method of Sallis et al (17),

which estimates total energy expended daily in all activities.

Analysis

Dietary and blood lipid variables and changes from baseline

to the 12-mo assessment were compared at 1 2 mo in the three

study groups. One-way analysis of variance was performed to

test homogeneity of group means. Pair-wise contrasts among

the three study groups followed, using the Protected LSD (a

= 0.05) (18). Changes from baseline to the 12-mo assessment,

the major endpoint of this study, were further compared by

analysis of covariance to reduce the unexplained variability

within study group (1 8). Covariates were selected by a backward

elimination procedure from a list of possible covariates desig-

nated at the design stage ofthe study. Repeated-measures analysis

ofvariance was used to compare the two diet groups at 4, 8, and

12 mo with respect to changes from baseline on blood lipid

variables. The triglyceride measure was reported as a log-scale

distribution to reduce skewness in the sample. All analyses were

run on the Statistical Analysis System program, SAS Institute,

Inc, Cary, NC.

Results

Diet variables

Selected characteristics ofthe participants’ diets are presented

in Table 2. The three groups did not have significant differences

in dietary values, which at baseline appear to be closer to target

values than values of the US population at large (19). For 12-

mo dietary data, the AHA and HCF groups did not differ sig-

nificantly on variables other than total and soluble fiber; the

HCF group consumed more total and soluble fiber than did the
AHA group (P = 0.01 1 and P = 0.006, respectively). However,

the HCF group consumed only half the amount of fiber pre-

scribed for the diet, or an average of �25 g/d. Fiber intakes of

the CG at 12 mo were not significantly different from the AHA

group, but did differ from those ofthe HCF group (P < 0.0001).
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In terms of change from baseline to 12-mo follow-up, the two

diet-intervention groups demonstrated changes on several dietary

variables (P < 0.05), including percent of energy from carbo-

hydrate and fat, and amounts of dietary cholesterol, total fiber,

and soluble fiber consumed. The AHA and HCF groups both

significantly reduced the saturated fatty acid intake, 6.4 (SE

= 0.42) and 6.6 g/d (SE = 0.48), respectively. The only significant

change in the CG group was in cholesterol consumed (P < 0.01),

with an average 48-mg reduction from baseline.

Serum lipid variables

Table 3 presents comparisons of the three study groups on

their blood-based measures. As might be expected, the three

groups were quite similar at baseline on all of these variables.

Changes in serum cholesterol over the 12 mo differed signifi-

cantly among groups, with average reductions of0.42, 0.59, and

0.79 mmol/L in the CG, AHA, and HCF groups; there was an

average reduction of 7%, 9%, and I 3% in the respective groups.

Pair-wise contrasts on reductions in serum cholesterol revealed

that the HCF group had a significantly greater reduction than

did the CG group (P < 0.004; 95% confidence interval, 0.14-

0.6 1 mmol/L). Similarly, reductions in LDL cholesterol from

baseline to 12 mo differed significantly across groups, but were

only significant when a pair-wise contrast of data for the HCF

and CG groups was made (P < 0.002; 95% confidence interval,

0. 14-0.56 mmol/L).

Analysis of covariance was used to further examine the be-

tween-group differences on changes in serum cholesterol. Co-

variates selected by backward elimination and included in the

regression model were baseline serum cholesterol, sex and age

of the participants, changes in body weight from baseline to 12

mo, number of cigarettes smoked, exercise, alcohol consumed,

and cohort in which the participant tracked through the study

(a proxy for seasonal influences). Adjustment for all covariates

confirmed the significant overall treatment effect on change in

serum cholesterol, and the significant difference between the CG

and HCF groups (P < 0.01; 95% confidence interval, 0.064-

0.5 17 mmol/L). Covariance analysis also revealed a significant

difference in serum cholesterol reduction between the HCF and

AHA groups (P < 0.05; 95% confidence interval, 0.002-0.443

mmol/L), but not between the CG and AHA groups. Changes

in serum cholesterol treatment means from baseline to 12 mo,

adjusted for differences in average values ofall covariates across

treatment groups, were as follows: -0.48, -0.55, and -0.77

mmol/L for the CG, AHA, and HCF groups, respectively. Note

that the adjusted changes are similar to the raw changes presented

in Table 3, but that the associated standard errors for between-

group differences are I 5% smaller than those based on raw

changes. Further, the significant difference between HCF and

AHA groups was replicated when the dietary-variable change in

grams ofsaturated fatty acids from baseline to 12-mo follow-up

was added to the regression model.

Table 3 indicates that all groups experienced statistically sig-

nificant changes from baseline for several dietary variables. All

groups had significant reductions in serum cholesterol, LDL

cholesterol, and LDL-HDL cholesterol ratios. The significant

reductions experienced by the CG group may possibly be ex-

plained by the motivation ofthese volunteer participants to lower

their serum cholesterol values. The AHA and HCF groups also

experienced significant reductions in the apolipoprotein B-100

fraction.

Repeated-measures analysis of variance on lipid variables re-

vealed no significant interactions between intervention groups

(ie, AHA and HCF groups) and time. Nor was the main effect

of diet significant. This is not surprising given the modest dif-

ferences between diet groups at early times points (Fig 1).

Discussion

In this study three groups of volunteers with moderately el-

evated serum cholesterol were randomly assigned to an AHA

Phase II diet group, to a group consuming a diet similar to the

AHA Phase II diet but emphasizing dietary fiber, or to a non-

intervention control group. Diet-group participants attended a

lO-wk diet-education-seminar series, personal nutritional coun-

seling, and follow-up by a dietitian assigned to them. Though

neither participants nor dietitians were blind to group assign-

ment, the medical technologist performing the blood analysis

was without this information. All participants were followed for

12 mo and diet and blood variables were compared for the three

groups.

All three groups experienced statistically significant reductions

of total and LDL cholesterol. Reductions in total cholesterol

were significantly greater in the HCF group than in the CG group,

and, after adjustment for relevant covariates, were greater than

values for the AHA group as well. Total and LDL cholesterol

concentrations were not significantly different between the AHA

and CG groups. No other pair-wise contrasts revealed significance

differences. These findings, based as they are on random assign-

ment to the three study groups, provide support for the specific,

cholesterol-reducing action of dietary fiber beyond the effect of

simple reduction of dietary fat and cholesterol. Furthermore,

the two diet groups did not differ from one another, at the 12-

mC
m�

mC

G
E

FIG I . Change in serum cholesterol and LDL cholesterol over time
for the American Heart Association Phase II diet group (AHA: n = 47)

and the high-carbohydrate fiber diet group (HCF: n = 48). 1 ± SE.
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mo follow-up or in terms of changes from baseline to 1 2 mo,

in either the percent of energy from fat in the diet or in the

amount of dietary cholesterol consumed. Hence, conjecture that

fiber-rich foods cause reduction in serum cholesterol by replacing

fatty foods in the diet (5) is not supported in this study of mod-

erately hypercholesterolemic volunteers. Type, as well as quan-

tity, of fiber consumed proved responsible for the hypocholes-

terolemic effects experienced by the HCF group. Total fiber in-

creased by one-fourth the baseline intake, whereas soluble fiber

intake increased by one-half the baseline intake.

Prior studies on metabolic wards indicate that small increases

in soluble fiber can significantly decrease serum cholesterol val-

ues. When 1 5 hypercholesterolemic men incorporated 227 g

canned beans into their daily diet without altering their energy,

fat, or cholesterol intakes, the increase in soluble fiber intake of

4 g/d was accompanied by a decrease in serum cholesterol of

16% at its lowest point (20). When 12 hypercholesterolemic men

consumed either 56 g oat-bran cereal/d or 56 g cornflakes/d in

a crossover manner where energy, fat, and cholesterol intakes

were matched, the oat-bran cereal providing only 3.5 g soluble

fiber/d was associated with serum cholesterol values that were

5.4% (P < 0.05) lower than values associated with cornflakes

consumption (2 1). In the present study modest increases in total

soluble fiber were accompanied by enhanced reductions in serum

cholesterol in the HCF group. The HCF group increased their

fiber consumption by 5.6 g from baseline intake, which was only

2.6 g more than that in the AHA group. The increase in soluble

fiber in the HCF group was 3 g compared with 1 .5 g in the AHA

group. The roughly 4% advantage of HCF over AHA in serum

cholesterol reduction cannot be attributed to differences in intake

of dietary cholesterol or fat.

In this study, it proved difficult to achieve a large increase in

dietary fiber consumption in a healthy free-living population

with moderately elevated serum cholesterol concentrations, even

though this population was motivated and supported by edu-

cational seminars and personal dietitians. In other studies, in-

dividuals under medical treatment for diabetes (22) or hyper-

cholesterolemia (23) substantially increased their dietary fiber

intake, whereas asymptomatic individuals without diabetes or

atherosclerotic vascular disease were unable to achieve dietary

fiber intakes of 50 g/d. Hence, it is possible that medical diag-

nosis, and the threat to health that it implies, enhances patient

motivation to adopt dietary changes.

Surveillance of CG participants suggests that despite instruc-

tions not to alter their diets from baseline, some were motivated

to make dietary changes supportive of serum cholesterol reduc-

tion. CG participants significantly reduced their consumption

of dietary cholesterol, and altered other diet characteristics,

though more modestly, in a beneficial way. Serum cholesterol

concentrations ofCG participants declined, on average, 7% from

baseline to the 1 2-mo follow-up. Dietary records of CG partic-

ipants suggest that no part ofthis change was due to the increase

in fiber consumption.

This intervention offered more intense education and support

than that typically available to the general population. Dietary

compliance equivalent to that achieved in this asymptomatic

population was achieved in a population with active cardiovas-

cular disease by using a more moderate intervention including

an initial education session and two follow-up counseling sessions

(24). The compliance techniques used in this project may be

incorporated in counseling programs ofvarious lengths and in-

tensities.

Dietary fiber intake appears to protect from developing cor-

onary heart disease through reduction in serum cholesterol and

through other mechanisms (25). This study confirms previous

reports that modest increases in soluble fiber are accompanied

by significant reductions in serum cholesterol values. The 3 g

additional soluble fiber, which the HCF group consumed daily,

could be obtained by consuming 42 g dry oat-bran cereal (one

bowl cooked), 62 g dry oatmeal (two small bowls cooked), or

I 50 g (5.2 ounces) canned beans (9). Although increases in sol-

uble fiber intake by these subjects were modest, the reductions

in serum cholesterol values were significantly greater than those

observed in the AHA group. This study indicates that including

information about soluble fiber and educating hypercholester-

olemic individuals about the hypocholesterolemic effects of sol-

uble fiber might enhance the effectiveness ofthe AHA diet. B

We are indebted to Jo Ellen Logan, Vicki Angotti, Jeannie Gagnon
Wagner. lerry Metzger, Toby Stern, Melanie Johnson, Andrew Bernard,
Sheree Thompson, Cynthia Campbell, and our consulting nutritionists
for their contributions to the study.
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Diets containing barley significantly reduce lipids in mildly
hypercholesterolemic men and women1–3

Kay M Behall, Daniel J Scholfield, and Judith Hallfrisch

ABSTRACT
Background: Barley has high amounts of soluble fiber but is not
extensively consumed in the US diet.
Objective: This study investigated whether consumption of barley
would reduce cardiovascular disease risk factors comparably with
that of other sources of soluble fiber.
Design: Mildly hypercholesterolemic subjects (9 postmenopausal
women, 9 premenopausal women, and 7 men) consumed controlled
American Heart Association Step 1 diets for 17 wk. After a 2-wk
adaptation period, whole-grain foods containing 0, 3, or 6 g �-
glucan/d from barley were included in the Step 1 diet menus. Diets
were consumed for 5 wk each and were fed in a Latin-square design.
Fasting blood samples were collected twice weekly.
Results: Total cholesterol was significantly lower when the diet
contained 3 or 6 g �-glucan/d from barley than when it contained no
�-glucan; the greatest change occurred in the men and postmeno-
pausal women. HDL and triacylglycerol concentrations did not dif-
fer with the 3 amounts of dietary �-glucan. Large LDL and small
VLDL fractions and mean LDL particle size significantly decreased
when whole grains were incorporated into the 3 diets. Large LDL and
large and intermediate HDL fractions were significantly higher,
mean LDL particle size was significantly greater, and intermediate
VLDL fractions were significantly lower in the postmenopausal
women than in the other 2 groups. A group-by-diet interaction effect
was observed on LDL fractions and small LDL particle size.
Conclusion: The addition of barley to a healthy diet may be effective
in lowering total and LDL cholesterol in both men and
women. Am J Clin Nutr 2004;80:1185–93.

KEY WORDS Barley, �-glucans, whole grains, cholesterol,
triacylglycerols, lipoprotein fractions

INTRODUCTION

Cardiovascular disease (CVD) continues to be the number one
cause of death in the United States despite numerous efforts to
reduce its prevalence. Consumption of diets high in whole grains
has been reported to have health benefits, such as a reduced risk
of CVD (1, 2). These benefits have been attributed to the effects
of the fiber content of whole-grain foods on risk factors, primar-
ily on cholesterol concentration (3, 4). Other, more general, phys-
iologic benefits of the consumption of whole grains include re-
duced transit time for foods, which may reduce the risk of colon
cancer (5, 6), and reduced absorption of nutrients (7, 8), which
may reduce glucose and insulin responses and thus the risk of
obesity (9).

Epidemiologic studies often combined several fiber food
sources (mixed grains and cereals, fruit, and vegetables with or
without legumes), which made it difficult to determine the spe-
cific beneficial dietary component. Many of the studies in hu-
mans added either fiber supplements or fiber-containing foods to
self-selected diets. Numerous studies showed that whole grains
containing a high amount of soluble fiber, such as oats, are more
effective in lowering blood cholesterol than are grains containing
predominantly insoluble fibers, such as wheat or rice (10–13).
The US Food and Drug Administration (14) allows the health
claim statement that, depending on the �-glucan content, con-
sumption of soluble fiber from oats or psyllium in a diet low in
saturated fat and cholesterol may reduce the risk of CVD. Most
clinical studies evaluating the effects of soluble fibers have used
oats or psyllium even though barley contains at least as much
�-glucan as they do (15). The purpose of this study was to ex-
amine the effects on CVD risk factors of the consumption of
various amounts of �-glucan from barley, a grain not frequently
consumed by Americans, in a controlled whole-grain diet in
mildly hypercholesterolemic men and women. Mildly hypercho-
lesterolemic men alone were evaluated in a previous study (16).

SUBJECTS AND METHODS

Subjects

Mildly hypercholesterolemic [total cholesterol: 5.18–6.2
mmol/L (200–240 mg/dL)], normotensive men and women who
had been weight stable for 6 mo and who were not taking med-
ication known to affect lipid metabolism or blood pressure were
recruited for this study. Men were included in this study to con-
firm previous results because the diet was modified from the
previous study. The study design was approved by the Johns
Hopkins School of Public Health Institutional Review Board,
and it conformed to US Government regulations governing hu-
man research. Written informed consent was obtained from each
subject after an oral explanation of the study.

1 From the Diet & Human Performance Laboratory, Beltsville Human
Nutrition Research Center, Agricultural Research Service, US Department of
Agriculture, Beltsville, MD.

2 Supported by intramural agricultural research funds. Barley was pro-
vided by the National Barley Foods Council, Spokane, WA.

3 Address reprint requests to K Behall, Building 307B, Room 220, Belts-
ville Human Nutrition Research Center, Beltsville, MD 20705. E-mail:
behall@bhnrc.arsusda.gov.
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A general clinical screening of fasting blood and urine samples
was used to select subjects with mildly elevated cholesterol who
had no other medical conditions and who were taking no medi-
cations that would affect lipid or glucose metabolism. Heights
and weights were measured, and duplicate blood pressure read-
ings were obtained. Subjects completed a health history ques-
tionnaire. Before subjects were accepted as participants, physi-
cians from Johns Hopkins University School of Public Health
evaluated the health history and clinical screening values for
underlying disease before subjects were accepted as participants,
and the physicians provided medical supervision throughout the
study.

Twenty-seven subjects with mildly elevated plasma choles-
terol concentrations were selected for the study. Two subjects
withdrew during the study for reasons not related to the study.
Prestudy characteristics of the 7 men, 9 premenopausal women,
and 9 postmenopausal women who completed the study are listed
in Table 1.

Diets and Procedures

Subjects initially were placed on an American Heart Associ-
ation Step 1 diet (17) with a 7-d rotating menu for 2 wk as an
adaptation period to the study regimen, dietary changes, and fiber
content (Table 2). Initial estimates of the subjects’ energy needs
were made during this period. Energy intakes were adjusted
proportionately in 300-kcal increments to maintain initial body
weights. Breakfast and dinner were consumed Monday through
Friday in the Human Study Facility. Lunch and an evening snack
were packaged for off-site consumption. Weekend meals were
frozen or packed in ice (or both) for home consumption. All foods
were weighed to 0.5 g. Subjects were weighed daily Monday
through Friday, and body weights were verified by Human Study
Facility personnel. Subjects agreed to consume only the study
food given to them and to consume all food items given to them.
Water, selected spices, noncaloric beverages, and noncaloric
sweeteners were allowed ad libitum, and the subjects recorded

TABLE 1
Prestudy characteristics of study participants1

Men
(n � 7)

Women

Premenopausal
(n � 9)

Postmenopausal
(n � 9)

Age (y) 43 � 5a 47 � 4a 50 � 3a

Height (cm) 176.0 � 3.7a 160.8 � 2.8b 164.3 � 1.3b

Weight (kg) 81.0 � 4.1a 89.5 � 7.8a 80.3 � 7.3a

BMI (kg/m2) 26 � 1a 34 � 3b 30 � 3a,b

Percentage body fat (%) 23 � 2a 38 � 3b 35 � 3b

Cholesterol (mmol/L)2 5.58 � 0.24a 5.63 � 0.22a 6.12 � 0.21a

LDL cholesterol (mmol/L) 3.75 � 0.21a 3.71 � 0.19a 3.81 � 0.19a

HDL cholesterol (mmol/L) 1.08 � 0.11a 1.32 � 0.10a,b 1.74 � 0.10b

Total:HDL 5.30 � 0.44a 4.47 � 0.39a,b 3.53 � 0.39b

Triacylglycerols (mmol/L)3 1.60 � 0.42a 1.58 � 0.37a 1.54 � 0.37a

1 All values are x� � SEM. Values in a row with different superscript letters are significantly different, P � 0.05.
2 To convert units to mg/dL, multiply by 38.67.
3 To convert units to mg/dL, multiply by 88.57.

TABLE 2
Nutrient content of diets1

Diet

Step 1 Low–�-glucan Medium–�-glucan High–�-glucan

Energy (kcal) 2812 2788 2777 2766
Protein (g) 110 113 113 112
Fat (g) 96 96 96 96

Saturated (g) 25 27 27 27
Cholesterol (mg) 291 297 297 297

Carbohydrate (g) 388 384 385 386
Dietary fiber (g) 27 27 31 34
Soluble fiber (g)2 2.1 2.3 5.6 8.8

1 Values were calculated by using NUTRITIONIST software (version 5.0; First Data Bank, San Bruno, CA). Some whole-grain foods were included in
the American Heart Association Step 1 diet. At an energy level of 2800 kcal, the diets designated low–, medium–, and high–�-glucan were designed to contain
approximately the same amounts of total dietary fiber but different amounts of soluble fiber added from barley: 0, 3, and 6 g �-glucan/d, respectively. Foods
containing whole wheat and brown rice (low–�-glucan diet), barley (high–�-glucan diet), or a 50:50 mix (medium–�-glucan diet) included pancakes, spice
cookie bars, no-bake cookies, hot cereal, granola, steamed grain, tabbouleh, and muffins.

2 Total and soluble fiber contents were determined by Covance Laboratories Inc (Madison, WI), and �-glucan content of the barley was determined by
the US Department of Agriculture (Western Region, Albany, CA).
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the consumption of these items daily. No discretionary salt was
allowed.

After the 2-wk adaptation period, whole-grain foods contain-
ing soluble fiber from barley were included in the Step 1 diet.
Diets were fed in a Latin-square design for 5 wk each. The 3 diets
(low–, medium–, and high–�-glucan) were designed to contain
approximately the same amount of total dietary fiber but different
amounts of �-glucan (0, 3, and 6 g added �-glucan/2800 kcal,
respectively). In the experimental menus, a test food was substi-
tuted into the Step 1 menu at breakfast, lunch, dinner, and
evening snack (Table 3). Wheat and rice test foods (pancakes,
spice cookie bar, no-bake cookies, hot cereal, granola, steamed
grain, tabbouleh, and muffins) were made with whole-wheat
flour, wheat flakes, and brown rice. The basic diet without the test
foods and the diet containing wheat and rice test foods were
designed to contain little added soluble fiber. Diets including
barley flakes, barley flour, or pearled barley in the test foods
(replacing the wheat or rice) contained �6 g �-glucan/2800 kcal
as part of the total dietary fiber. Diets including test foods made
with half barley and half whole wheat or brown rice contained 3 g
�-glucan/2800 kcal in the total dietary fiber (Table 2). The
�-glucan content of the barley used to prepare the experimental
foods was determined enzymatically by the National Barley
Foods Council (16) and the US Department of Agriculture
(Western Region, Albany CA) with the use of American Asso-
ciation of Cereal Chemists method 32-23. Total and soluble fiber
content of the diets were determined by using the Association of
Official Analytical Chemists method 991.43, which was per-
formed at Covance Laboratories Inc (Madison WI). Whole-
wheat flour and brown rice were purchased from a local grocery
store. Wheat flakes were purchased in one lot from Barry Farm
Enterprises (Wapakoneta, OH). Barley flakes, barley flour, and
pearled barley were produced from one lot of barley and donated
by the National Barley Foods Council (Spokane, WA).

Statistical analysis

Two blood samples (separated by 1 d) were collected after an
overnight fast of �12 h before controlled feeding began and
weekly during each period. Plasma was separated and stored at
�80 °C until all samples were collected. Triacylglycerol and
total cholesterol concentrations were measured enzymatically
with the use of an automated spectrophotometric system (Baker
Instruments Corp, Allentown, PA). HDL-cholesterol concentra-
tions were measured after other fractions were precipitated with
the use of dextran sulfate and manganese chloride (18). VLDL
and LDL concentrations were calculated (19). Lipid subclass
fractions were measured during the last week of each period with
the use of nuclear magnetic resonance spectroscopy (Lipo-
Science, Raleigh, NC; 20). Data were statistically analyzed by
analysis of variance by using a mixed-model procedure (PC/
SAS, version 8.2; SAS Institute, Cary, NC). Subjects acted as their
own control subjects. Data were examined for normal distribution.
Triacylglycerol concentrations were log transformed for statistical
evaluation. Data reported are least-squares means (�SEM). Signif-
icance was defined as P � 0.05. When effects were significant,
mean comparisons were done with the use of Šidák-adjusted
P values so that the experimentwise error was 0.05.

RESULTS

Some subjects noted some gastrointestinal discomfort during
the equilibration period. The major complaints were that there
was too much food and that subjects had a very full feeling after
eating. Compared with the equilibration period, complaints
about bloating and flatulence increased during all experimental
diets; the greatest number of complaints occurred during the
high–�-glucan diet.

Average body weights varied by �1 kg from the initial weight
(overall average: 85.6 � 4.5 kg) to the end of the Step 1 equili-
bration period (85.0 � 4.5 kg). Subjects’ average weight after

TABLE 3
Sample menus

Breakfast Lunch Dinner Evening snack

Control
Plain pancakes Turkey breast Chicken breast Ginger snaps
Pancake syrup Swiss cheese Gravy
Breakfast patties Lettuce Egg noodles
Margarine Cucumber Cole slaw
Cranberry juice Italian dressing Green beans
Low-fat (2% fat) milk Peaches (light syrup) Tomato juice

(low-lactose milk) Popcorn cakes Chocolate cake
Lemonade

Test
Test pancakes1 Turkey breast Chicken breast Spice cookie bar1

Pancake syrup Swiss cheese Gravy
Breakfast patties Lettuce Steamed rice or barley1

Margarine Cucumber Cole slaw
Cranberry juice Italian dressing Green beans
Low-fat (2% fat) milk Peaches (light syrup) Tomato juice

(low-lactose milk) Tabbouleh1 Chocolate cake
Lemonade

1 Made with whole-wheat flour, whole-wheat flakes, or brown rice; barley flour, flakes, or pearls; or a 50:50 mixture of wheat and barley or rice and barley.
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consuming all 3 whole-grain diets (low–: 84.3 � 5.1 kg;
medium–: 84.2 � 5.1 kg; high–�-glucan: 84.2 � 5.1 kg) was less
than initial weights or weights after the Step 1 equilibration diet.
The weights of the subjects did not differ significantly during the
3experimentaldiets (P�0.73).Energy intakeduring theStep1diet
averaged 2600 kcal/d, and that during the experimental diets aver-
aged 2725 kcal/d; this increase in intake was intended to correct the
small weight loss observed during the Step 1 diet and to maintain
a constant weight in subjects during the experimental diets.

Total plasma cholesterol concentrations were significantly af-
fected by the diet consumed (P � 0.0001, Table 4) and by the
length of time (in wk, P � 0.001; Figure 1) the diets were
consumed. No significant interaction between diet and time was
observed (P � 0.92). Cholesterol concentrations on average did
not significantly decrease until week 4 of each period. Compared
with prestudy concentrations (Table 1), overall total cholesterol was
0.5% lower after consumption of the Step 1 diet and 4%, 9%, and
10% lower, respectively, after the low–, medium–, and high–�-
glucan diets. Total cholesterol concentrations after the medium–
and high–�-glucan diets were significantly lower than those after
the low–diet. The reductions observed by group (men, premeno-
pausal women, or postmenopausal women) were not signifi-
cantly different, and no diet-by-group interaction was observed.

Calculated LDL-cholesterol concentrations followed the
same significant (Table 4, diet, P � 0.0001; Figure 1, wk, P �
0.001) pattern of reduction as that of total cholesterol. Compared
with prestudy concentrations, LDL cholesterol was 3.6% lower
after the Step 1 diet and significantly (P � 0.001) lower (8.0%,
13.8%, and 17.4%, respectively) after the low–, medium–, and
high–�-glucan diets. LDL-cholesterol concentrations after the
medium–and high–�-glucan diets were significantly lower than
those after the Step 1 or low–�-glucan diet. No significant dif-
ference was observed among men, premenopausal women, or
postmenopausal women, and no diet-by-group interaction was
observed.

HDL-cholesterol concentrations were significantly affected
by the diet consumed (P � 0.001; Table 4). Compared with
prestudy concentrations, HDL-cholesterol concentrations were
significantly lower (P � 0.05) after all 3 test diets but did not
differ significantly among the 3 diets. Postmenopausal women
had significantly (P � 0.01) higher HDL cholesterol (1.56 �
0.10) than did men (1.00 � 0.11) or premenopausal women
(1.17 � 0.10). Total:HDL cholesterol was significantly (P �
0.001) affected by the diet consumed. The ratio was highest after
the low–�-glucan diet. The postmenopausal women had signif-
icantly lower total:HDL cholesterol (3.74 � 0.38) than did the

TABLE 4
Fasting lipid concentrations determined enzymatically after the equilibration and experimental dietary periods1

Diet p2

Step 13 Low–�-glucan Medium–�-glucan High–�-glucan
Diet

effect
Group
effect

Diet � group
interaction

Cholesterol (mmol/L)
All subjects 5.65 � 0.13a 5.44 � 0.13a 5.17 � 0.13b 5.12 � 0.33b �0.0001 0.090 0.437
Premenopausal women 5.39 � 0.22 5.19 � 0.21 5.10 � 0.21 5.16 � 0.22
Postmenopausal women 6.09 � 0.22 5.87 � 0.22 5.54 � 0.22 5.44 � 0.22
Men 5.48 � 0.24 5.25 � 0.25 4.88 � 0.25 4.77 � 0.25

LDL cholesterol (mmol/L)
All subjects 3.93 � 0.13a 3.82 � 0.13a 3.57 � 0.13b 3.50 � 0.13b �0.0001 0.750 0.367
Premenopausal women 3.75 � 0.21 3.64 � 0.21 3.60 � 0.21 3.56 � 0.21
Postmenopausal women 4.08 � 0.21 4.02 � 0.22 3.68 � 0.21 3.55 � 0.22
Men 3.97 � 0.24 3.79 � 0.24 3.44 � 0.24 3.37 � 0.24

HDL cholesterol (mmol/L)
All subjects 1.34 � 0.06b 1.22 � 0.06a 1.22 � 0.06a 1.22 � 0.06a �0.0001 �0.0004 0.169
Premenopausal women 1.23 � 0.10 1.13 � 0.10 1.12 � 0.10 1.19 � 0.10
Postmenopausal women 1.70 � 0.10 1.53 � 0.10 1.54 � 0.10 1.53 � 0.10
Men 1.08 � 0.12 1.00 � 0.12 0.99 � 0.12 0.94 � 0.12

Total:HDL (mmol/L)
All subjects 4.55 � 0.24a 4.83 � 0.24b 4.62 � 0.24a,b 4.56 � 0.24a �0.016 �0.035 0.977
Premenopausal women 4.64 � 0.39 4.92 � 0.39 4.78 � 0.39 4.66 � 0.39
Postmenopausal women 3.71 � 0.39 4.00 � 0.39 3.74 � 0.39 3.71 � 0.39
Men 5.30 � 0.44 5.60 � 0.45 5.33 � 0.45 5.31 � 0.45

Triacylglycerol (mmol/L)
All subjects 1.92 � 0.22 2.02 � 0.22 1.90 � 0.22 2.03 � 0.23 0.858 0.568 0.784
Premenopausal women 2.06 � 0.37 2.10 � 0.37 1.86 � 0.37 2.03 � 0.38
Postmenopausal women 1.53 � 0.37 1.66 � 0.38 1.63 � 0.37 1.78 � 0.38
Men 2.14 � 0.42 2.30 � 0.43 2.22 � 0.43 1.59 � 0.37

1 All values are x� � SEM. n � 27 (all subjects), 9 (premenopausal women), 9 (postmenopausal women), and 7 (men). Values in a row with different
superscript letters are significantly different, P � 0.05 (Šidák mean separation).

2 ANOVA.
3 American Heart Association Step 1 diet; low–�-glucan diet, 0 g added soluble fiber; medium–�-glucan diet, 3 g added soluble fiber/2800 kcal;

high–�-glucan diet, 6 g added soluble fiber/2800 kcal. To convert cholesterol and triacylglycerol units to mg/dL, multiply by 38.67 and 88.57, respectively.
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men (5.36 � 0.43; P � 0.05) or the premenopausal women
(4.69 � 0.38; P � 0.26). No group-by-diet interaction was ob-
served for either the HDL-cholesterol concentrations or total:
HDL cholesterol.

Overall triacylglycerol concentrations increased from the pre-
study concentrations (Tables 1 and 4), but the differences were
not significant. No differences were observed between the ex-
perimental diets. No significant difference was observed among
men, premenopausal women, or postmenopausal women, and no
diet-by-group interaction was observed. Log transformation of
the triacylglycerol data did not change the results of the statistical
comparisons.

Lipid fraction concentrations by diet are shown in Table 5.
Concentrations of intermediate and large particle fractions of
VLDL cholesterol; small and intermediate fractions of LDL cho-
lesterol; and small, intermediate, and large fractions of HDL
cholesterol after the Step 1 diet and the 3 experimental diets did
not differ significantly. Large fractions of LDL cholesterol after
the low–, medium–, and high–�-glucan diets were significantly
lower than those after the Step 1 diet, and there were no signif-
icant differences between the 3 experimental diets.

Lipid fraction concentrations by group are presented in Table
6. The concentration of intermediate VLDL cholesterol fractions
and small LDL cholesterol fractions was significantly lower and

FIGURE 1. Mean weekly total and LDL cholesterol by diet: low–�-glucan diet, F; medium–�-glucan diet, ƒ; high–�-glucan diet, ■ . Total and LDL
cholesterol were significantly different by diet (P � 0.0001) and week within a diet (P � 0.0001), but there was no interaction between diet and week (total
cholesterol: P � 0.660; LDL cholesterol: P � 0.402). Mean total and LDL-cholesterol concentrations for weeks 1 and 2 are significantly different from those
for weeks 4 and 5, P � 0.05 (Šidák mean separation). Error bars represent SEMs.

TABLE 5
Fasting lipid fractions and particle number by diet, determined by nuclear magnetic resonance spectroscopy at the end of each controlled dietary period1

Diet

P for diet effectStep 12 Low–�-glucan Medium–�-glucan High–�-glucan

VLDL cholesterol (mmol/L)
Large 0.036 � 0.016 0.059 � 0.016 0.048 � 0.016 0.054 � 0.016 0.389
Intermediate 0.497 � 0.097 0.597 � 0.098 0.605 � 0.097 0.558 � 0.099 0.108
Small 0.228 � 0.032a 0.184 � 0.033a,b 0.174 � 0.032b 0.189 � 0.033a,b �0.029

LDL cholesterol (mmol/L)
Large 2.10 � 0.27a 1.46 � 0.28b 1.62 � 0.28b 1.50 � 0.28b �0.002
Intermediate 1.22 � 0.21 1.56 � 0.22 1.56 � 0.22 1.21 � 0.21 0.368
Small 0.44 � 0.23 0.54 � 0.22 0.67 � 0.22 0.76 � 0.22 0.108
Particle number (nmol/L) 1530 � 74 1539 � 75 1501 � 74 1497 � 75 0.258

HDL cholesterol (mmol/L)
Large 0.510 � 0.061 0.520 � 0.061 0.491 � 0.062 0.501 � 0.062 0.691
Intermediate 0.202 � 0.028 0.145 � 0.029 0.145 � 0.028 0.170 � 0.029 0.094
Small 0.535 � 0.021 0.568 � 0.022 0.551 � 0.021 0.543 � 0.022 0.260

1 All values are x� � SEM. Values in a row with different superscript letters are significantly different, P � 0.05 (Šidák mean separation).
2 American Heart Association Step 1 diet; low–�-glucan diet, 0 g added soluble fiber; medium–�-glucan diet, 3 g soluble fiber/2800 kcal; high–�-glucan

diet, 6 g soluble fiber/2800 kcal.
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the concentrations of large LDL cholesterol fractions and large
and intermediate HDL cholesterol fractions were significantly
higher in the postmenopausal women than in the men or the
premenopausal women. The numbers of VLDL, LDL, and HDL
particles did not significantly vary with diet, group, or diet-by-
group interaction.

Mean VLDL particle size (Table 7) showed a significant diet
by group interaction. However, few a priori comparisons were
significant, and no consistent pattern was evident by group or diet
in the significant pairs. Mean LDL particle size was smaller after
all 3 test diets than after the Step 1 diet. Mean LDL particle size
was significantly larger in the postmenopausal women than in the
other groups. A significant diet-by-group interaction was ob-
served (Table 7), which appeared to be driven by the higher

values after the Step 1 diet. Concentrations of LDL particle size
in the men were lowest on the high–�-glucan diet; the premeno-
pausal and postmenopausal women had no significant differ-
ences between the experimental diets.

DISCUSSION

Most research studies using food as the soluble fiber source
have fed oats or oat products (1, 7, 11, 12, 21–28). Significantly
lower total cholesterol (1, 21–23) and LDL-cholesterol (1, 21–
23) concentrations were reported after the consumption of oat
bran than after that of wheat bran or rice bran added to the
self-selected diets of hypercholesterolemic subjects. Generally,
no significant change was reported in triacylglycerol (1, 21, 24)

TABLE 6
Fasting lipid fractions by group determined by nuclear magnetic resonance spectroscopy1

Men
(n � 7)

Women P

Premenopausal
(n � 9)

Postmenopausal
(n � 9) Group effect Diet � group interaction

VLDL cholesterol (mmol/L)
Large 0.060 � 0.033 0.040 � 0.026 0.084 � 0.026 0.384 0.312
Intermediate 0.697 � 0.159a 0.627 � 0.116a 0.280 � 0.117b �0.012 0.842
Small 0.222 � 0.052 0.221 � 0.038 0.169 � 0.038 0.431 0.347

LDL cholesterol (mmol/L)
Large 1.094 � 0.465a 1.746 � 0.332b 2.483 � 0.333c �0.018 0.119
Intermediate 1.758 � 0.316 1.152 � 0.245 1.003 � 0.247 0.172 0.969
Small 0.551 � 0.363a,b 0.870 � 0.263a 0.196 � 0.265b �0.023 0.659
Particle number (nmol/L) 1497 � 126 1564 � 89 1439 � 90 0.356 0.333

HDL cholesterol (mmol/L)
Large 0.350 � 0.110a 0.541 � 0.074a,b 0.643 � 0.074b �0.036 0.990
Intermediate 0.076 � 0.046a 0.180 � 0.034a,b 0.242 � 0.034b �0.014 0.538
Small 0.563 � 0.032 0.560 � 0.025 0.541 � 0.025 0.763 0.565

1 All values are x� � SEM. Values in a row with different superscript letters are significantly different, P � 0.05 (Šidák mean separation).

TABLE 7
Mean particle size in 7 men and 9 premenopausal and 9 postmenopausal women determined by nuclear magnetic resonance spectroscopy1

Diet P

Step 12 Low–�-glucan Medium–�-glucan High–�-glucan Diet effect
Group
effect

Diet � group
interaction

VLDL cholesterol (nm)
Men 44.4 � 3.9a 51.0 � 4.1b 47.6 � 4.1a,b 49.0 � 4.1a,b 0.328 0.146 �0.048
Women

Premenopausal 47.4 � 3.3 46.4 � 3.3 46.1 � 3.3 47.2 � 3.3
Postmenopausal 53.8 � 3.3a,b 59.6 � 3.3a 52.4 � 3.2a,b 49.8 � 3.2b

LDL cholesterol (nm)
Men 20.7 � 0.3a,x 20.6 � 0.3a,x 20.6 � 0.3a,x 20.2 � 0.3b �0.002 �0.005 �0.007
Women

Premenopausal 21.1 � 0.2a,x,y 20.6 � 0.2b,x 20.7 � 0.2b,x 20.9 � 0.2a,b

Postmenopausal 21.5 � 0.2a,y 21.3 � 0.2b,y 21.4 � 0.2a,b,y 21.3 � 0.2b

HDL cholesterol (nm)
Men 8.49 � 0.13 9.61 � 0.13 8.52 � 0.13 8.51 � 0.13 0.096 �0.014 0.947
Women

Premenopausal 8.72 � 0.09 8.67 � 0.09 8.66 � 0.09 8.71 � 0.09
Postmenopausal 8.88 � 0.09 8.92 � 0.10 8.86 � 0.09 8.88 � 0.10

1 All values are x� � SEM. Values in a row (a or b) or in a column (x or y) with different superscript letters are significantly different, P � 0.05 (Šidák mean
separation).

2 American Heart Association Step 1 diet; low–�-glucan diet, 0 g added soluble fiber; medium–�-glucan diet, 3 g soluble fiber/2800 kcal; high–�-glucan
diet, 6 g soluble fiber/2800 kcal.

1190 BEHALL ET AL

 by on D
ecem

ber 16, 2009 
w

w
w

.ajcn.org
D

ow
nloaded from

 

http://www.ajcn.org


or HDL-cholesterol (1, 22–24) concentrations in these subjects
when oatmeal or oat bran was included in the diet. The lipids of
normolipemic subjects usually do not decrease with the addition
of soluble fiber to their diet (1, 25, 29, 30).

Total and LDL cholesterol were significantly reduced in
mildly hypercholesterolemic women after consumption of a
modified Step 1 diet containing oats, but not wheat, for 6 wk (31).
Mildly hypercholesterolemic men and women consuming a self-
selected American Heart Association Step 2 diet averaging 8 g
more soluble fiber per day than the control diet had significantly
lower total cholesterol, total:HDL cholesterol, and LDL:HDL
cholesterol (10). Our results with the use of a controlled Step 1
diet with 3 or 6 g �-glucan/d were similar, even though different
soluble fibers were used.

Some studies reported the �-glucan (primarily from oats) con-
tent of the diets fed to the subjects (1, 3, 10, 11, 26–28, 32, 33).
Similar to our results with barley, total and LDL cholesterol of
hypercholesterolemic subjects decreased significantly after con-
sumption of 3–11 g oat �-glucan/d for �4 wk, whereas it did not
decrease after consumption of the placebo diet (3, 11, 26, 32, 33).
The greatest percentage decrease in total and LDL cholesterol
occurred after the higher �-glucan intake (14.5%). Uusitupa et al
(33) reported that the significant reductions in LDL cholesterol
observed after 4 wk were not sustained; after 8 wk, LDL-
cholesterol concentrations had increased and were only 4%
lower than initial concentrations. No significant decreases in
total (27, 28, 34) or LDL (27, 28, 34) cholesterol after diets
containing 1.9, 3.0, or 11.2 g �-glucan/d were reported. Törrönen
et al (28) suggested that the lack of effect in their study could have
been due to poor solubility of the �-glucan that resulted in low
viscosity in the intestine. The food matrix (liquid or baked) used
to incorporate the oat �-glucan into the diet also affects total:
LDL and total:HDL cholesterol; both ratios were significantly
lower after consumption of orange juice but not of bread and
cookies containing �5.9 g �-glucan/d than after consumption of
the control wheat fiber (35). Brown et al (36) performed a meta-
analysis of 67 controlled dietary studies and calculated that, for
each gram of soluble fiber from oats, psyllium, or pectin, total
cholesterol and LDL-cholesterol concentrations decreased by
�1.55 mg/dL (0.04 mmol/L). The meta-analysis showed no sig-
nificant change in triacylglycerols and HDL cholesterol. The
observed changes appeared to be independent of study design,
treatment length, and dietary fat content.

A few studies reported barley as the source of �-glucan in the
diet. Similar to our results, the addition of �-glucan from barley
to the diet of mildly hypercholesterolemic men and women re-
sulted in total and LDL-cholesterol concentrations lower than
those before the study or after consumption of a control grain (15,
16, 29, 30, 37). Blood lipid concentrations of the men and women
who began the study with normal cholesterol concentrations did
not change (29, 30). No significant difference between oats and
barley was observed, which is an indication that �-glucan and not
the source was critical in lipid reduction (37). Similar to our
results, the addition of the barley bran flour and barley oil (13) or
whole-grain barley (16) to a Step 1 diet of hypercholesterolemic
subjects resulted in a significant decrease in total and LDL cho-
lesterol; the greatest decrease occurred after the diet containing
6 g added �-glucan/d (16). The men and the postmenopausal
women reported here had lower blood lipids that resembled the
pattern previously reported for men (16); premenopausal women
were the most resistant to changes in blood lipids with a change

in diet. Li et al (38), however, reported significant decreases in
total, LDL-cholesterol, and triacylglycerol concentrations in
women (average age: 20 y) after they consumed �3.6 g �-
glucan/d extracted from barley. In contrast to other studies feed-
ing barley, Keogh et al (39) reported no significant change in
total, LDL, or HDL cholesterol or triacylglycerol concentrations
after mildly hyperlipidemic men consumed 8–11.9 g �-glucan/d
extracted from barley. The authors concluded that structural
changes might have occurred in the �-glucan during extraction or
handling.

The increased risk for coronary artery disease has been asso-
ciated with a predominance of small, dense LDL particles. This
is characterized by elevated triagylglycerol and lower HDL cho-
lesterol concentrations (subclass pattern B). Sex differences
were reported in lipoprotein subclass distribution patterns (40–
43). Women generally have higher HDL cholesterol concentra-
tions, larger LDL and HDL particle sizes, and lower triacylglyc-
erol concentrations. Postmenopausal women were reported to
have significantly higher total, VLDL, and LDL cholesterol and
triacylglycerol concentrations; lower HDL cholesterol concen-
trations; smaller HDL particle size; and a strong correlation be-
tween LDL and HDL particle size (41). In contrast to the obser-
vation by Li et al (41), the postmenopausal women in the current
study had the highest HDL concentrations and mean HDL par-
ticle size but no difference in triacylglycerol concentrations from
those of the men. Mildly hypercholesterolemic men who con-
sumed up to 6 g barley-derived �-glucan/d (16) and overweight
men who consumed 5.5 g oats-derived �-glucan/d (44) were
reported to have significantly lower LDL-cholesterol concentra-
tions and significantly fewer LDL particle numbers than they had
before the study. Although the amount of �-glucan consumed in
the current study was similar to the amounts in those other stud-
ies, the change in LDL particle numbers in the current study was
not significant. Davy et al (44) suggested that the decrease in
small LDL-cholesterol concentrations and LDL particle num-
bers might contribute to the beneficial effect of oat fiber on CVD.
Freedman et al (45) reported that men with relatively high con-
centrations of either small HDL or large VLDL particles were
3–4 times more likely to have extensive coronary artery disease
than were men with concentrations below average. The post-
menopausal women in our study had the highest concentrations
of large LDL particles, the largest mean LDL particle size, and
the smallest concentration of small LDL particles, which sug-
gests that the men or the premenopausal women were at greater
risk of CVD. However; the LDL particle size of all of our subjects
remained �25 nm regardless of the diet consumed, which indi-
cated their continued risk of coronary artery disease.

A combination of factors and mechanisms appears to contrib-
ute to the reduction in lipids observed after the consumption of
barley. Mechanisms suggested for the reduction in cholesterol
after increased consumption of soluble fiber include increased
excretion of bile acids or neutral sterols, increased catabolism of
LDL cholesterol, and reduced absorption of fat (46–48). In-
creased viscosity of the gastric and intestinal contents can delay
gastric emptying, decrease nutrient absorption, and interfere
with micelle formation. Soluble fibers were shown to be fer-
mented in the colon (46–48) and thus to give rise to short-chain
fatty acids that can be absorbed and may inhibit hepatic choles-
terol synthesis. In addition to the soluble fiber, barley contains a
wide range of phytochemicals, some of which are being inves-
tigated for their effect on metabolism.
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Consumption of barley-containing foods and the associated
soluble fiber significantly improved several CVD risk factors.
These results show the potential to moderate several health risk
factors through changes in food and nutrient intake without
changing energy intake. The highest �-glucan intake resulted in
the greatest reduction in total and LDL-cholesterol concentra-
tions and total:HDL cholesterol, especially in postmenopausal
women and men. These results indicate that dietary changes
including greater consumption of whole grains including barley,
higher �-glucan intake, and lower fat intake can reduce risk
factors associated with CVD.
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Original Research

Lipids Significantly Reduced by Diets Containing Barley
in Moderately Hypercholesterolemic Men

Kay M. Behall, PhD, CNS, FACN, Daniel J. Scholfield, BS, Judith Hallfrisch, PhD, CNS, FACN

Diet & Human Performance Laboratory, Beltsville Human Nutrition Research Center, Agricultural Research Service, United
States Department of Agriculture
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Objective: To determine whether barley, as the soluble fiber source, would beneficially change cardiovas-
cular risk factors. Soluble fiber from oats has been recognized as beneficial in decreasing blood cholesterol
levels. Although barley contains high amounts of soluble fiber, it is not consumed as extensively as oats.

Methods: Eighteen moderately hypercholesterolemic men (28–62 y) consumed a controlled equilibration
diet (Step 1, 30% fat, 55% carbohydrate, 15% protein,� 300 mg cholesterol) for 2 weeks followed by the diet
with about 20% of energy replaced with brown rice/whole wheat,1⁄2 barley & 1⁄2 brown rice/whole wheat or
barley (� 0.4 g, 3 g and 6 g added soluble fiber/2800 kcal, respectively) for 5 weeks in a Latin square design.
Fasting blood was drawn twice weekly. Total cholesterol, HDL cholesterol, and triacylglycerols were measured
enzymatically and lipid fractions were measured by nuclear magnetic resonance spectroscopy.

Results: Compared with prestudy concentrations, total cholesterol (14%, 17%, and 20%, respectively) and
LDL cholesterol (17%, 17%, and 24%, respectively) were significantly lower (p � 0.0001) after the low,
medium, and high-soluble fiber diets. Triacylglycerol was 6%, 10%, and 16% lower (p � 0.09) whereas HDL
cholesterol (9%, 7%, and 18%) was higher (p � 0.001) after the experimental diets. Total cholesterol and LDL
cholesterol after the high-soluble fiber diet were significantly lower than concentrations after the low- or
medium-soluble fiber diets. Mean LDL particle number significantly decreased (p � 0.007) and the large LDL
cholesterol fraction showed a trend toward lower concentrations (p � 0.06).

Conclusion: Increasing soluble fiber through consumption of barley in a healthy diet can reduce cardio-
vascular risk factors.

INTRODUCTION
Consumption of diets high in whole grains has been re-

ported to have beneficial health effects such as a reduced risk
of cancer [1], cardiovascular disease [2,3], and noninsulin-
dependent diabetes mellitus [4,5]. These results have been
attributed to the effects of the fiber content of whole-grain
foods on risk factors for these diseases, including blood glucose
[6], insulin [7], and cholesterol [8,9]. Other more general
beneficial physiological effects of consumption of whole grains
include reduced transit time for foods, which may reduce risk
of colon cancer [10,11], and reduced absorption of nutrients
[12,13], which may reduce glucose and insulin responses and
risk of obesity [14].

The U.S. Food and Drug Administration allows three health
claims related to grain intakes [15]. One claim is that low-fat
diets rich in fiber-containing grain products, fruits, and vege-
tables may reduce risk of some types of cancer. A second claim
allows the statement that consumption of soluble fiber from
oats or psyllium in a diet low in saturated fat and cholesterol
may reduce the risk of heart disease. A specific claim for
whole-grain foods allows the statement that low-fat diets rich in
whole-grain foods and other plant foods may reduce the risk of
heart disease and certain cancers.

Numerous studies have demonstrated that whole grains that
are high in soluble fiber, such as oats, are more effective in
lowering blood cholesterol than are grains in which fibers are
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predominantly insoluble, such as wheat or rice [16–19]. Epi-
demiological studies often combined several food sources that
contain fiber (such as all cereals plus grains, all fruits plus all
vegetables), making it difficult to determine the specific ben-
eficial dietary component. Clinical studies testing the effects of
soluble fibers have used oats or psyllium even though barley
contains as much or more soluble fiber [20]. Many of the
studies in humans have added either fiber supplements or
fiber-containing foods to self-selected diets. The purpose of this
study was to examine the effects of the consumption of various
amounts of soluble fiber from barley in a controlled whole-
grain diet on risk factors for coronary heart disease in moder-
ately hypercholesterolemic men.

MATERIALS AND METHODS

Subjects

The study was approved by the Johns Hopkins School of
Public Health Institutional Review Board. Mildly hypercholes-
terolemic men were recruited for this study based on their being
weight stable for 6 months before the study and not taking
medication known to affect lipid metabolism or blood pressure.
Written informed consent was obtained from each subject after
an oral explanation of the study.

Blood and urine were collected before the study for a
general clinical screening to select men with moderately ele-
vated cholesterol but no other conditions that would affect lipid
or glucose metabolism. Heights and weights were measured
and duplicate blood pressure readings were taken. Subjects
filled out a health history questionnaire. Physicians from Johns
Hopkins University School of Public Health evaluated the
health history and clinical screening values for underlying
disease before subjects were accepted for study participation
and provided medical supervision throughout the study.

Twenty-one men with moderately elevated plasma choles-
terol concentrations were selected for the study. Two subjects
withdrew during the first week; one had an international busi-
ness-related trip and one withdrew because he was not willing
to comply with the regimen of the study. Another subject
withdrew during the adaptation period after an automobile
accident made transportation to the center for meals difficult.
Prestudy characteristics of the 18 men completing at least one
experimental diet are listed in Table 1. One subject completed
2 and two subjects completed 3 of the 4 periods. Two of the 18
subjects lost significant weight at the beginning so that weights
during all three whole-grain diets were less than initial weights
or weight after the Step 1 equilibration diet. Prestudy charac-
teristics of the 16 men who were weight stable are listed
separately in Table 1.

Diets and Procedures

Subjects initially consumed a Step 1 American Heart Asso-
ciation diet [21] with a 7-day rotating menu for 2 weeks to
allow them to adjust to the regimen and fiber content and to
establish energy needs (Table 2). Breakfast and dinner were
consumed in the Human Study Facility Monday through Fri-
day. Lunch and an evening snack were packaged for off-site
consumption. Weekend meals were frozen and/or packed in ice
for home consumption. All foods were weighed to 0.5 g. Men
were weighed daily Monday through Fridays and body weights
were verified by Human Study Facility personnel. Energy
levels were adjusted proportionately in 300-kcal increments to
maintain initial body weights. Men agreed to consume only the
study food given to them and to consume all of it. The only
exceptions to this were water, noncaloric beverages, and non-
caloric sweeteners; their consumption was recorded daily. No
discretionary salt was allowed.

At the end of the 2-week adaptation period, subjects con-
sumed the American Heart Association Step 1 diet modified to

Table 1. Prestudy Characteristics of Men Participating in the Study*

All subjects (n � 18) Weight-stable subjects (n � 16)

Age (years) 45.6 � 2.5† 46.9 � 2.5
Weight (pounds) 201.9 � 10.5 189.6 � 6.5

(Kg) 91.7 � 4.8 96.1 � 3.0
Height (inches) 70.6 � 0.6 70.6 � 0.6

(Centimeters) 179.3 � 1.5 179.3 � 1.5
Body mass index‡ 28.5 � 1.4 26.7 � 0.7
Plasma triacylglycerols (mg/dL) 190.8 � 18.3 186.9 � 16.8
Plasma cholesterol (mg/dL) 235.7 � 7.6 235.2 � 8.4
LDL cholesterol (mg/dL) 154.9 � 7.8 154.2 � 8.2
HDL cholesterol (mg/dL) 42.7 � 1.6 43.6 � 1.6
Total/HDL ratio 5.7 � 0.3 5.5 � 0.4

* Two subjects lost significant weight at the beginning of the study. Their weight during all three whole-grain diets were less than initial weights or weights after the Step

1 equilibration diet.
† Mean � SEM.

To convert cholesterol and triacylglycerols to mmol/L, multiply by 0.0258 and 0.01114, respectively.
‡ Body mass index (kg/m2).
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contain either low levels of soluble fiber or 3 g or 6 g of soluble
fiber from barley per 2800 kcal/day. Diets were fed in a Latin
square design for 5 weeks each. The three diets were designed
to contain approximately the same amount of total dietary fiber
but different amounts of soluble fiber. The experimental menus
had a test food substituted into the Step 1 menu at breakfast,
lunch, dinner, and the evening snack (Table 3). Test foods
(pancakes, spice cake, no-bake cookies, hot cereal, toasted
flakes, steamed pilaf, muffins) were made with whole-wheat
flour, wheat flakes, and brown rice; the diet was designed to
contain little added soluble fiber. Diets containing 6 g added
soluble fiber used barley flakes, barley flour, or pearled barley
in the test foods, replacing the wheat or rice. Test foods in diets
containing 3 g added soluble fiber from barley per 2800 kcal
were made with half barley and half whole wheat or brown rice
(Table 4). Whole-wheat flour and brown rice were purchased
from a local grocery store. Wheat flakes were purchased in one
lot from Barry Farm Enterprises (Wapakoneta, OH). Barley
flakes, flour, and pearled barley were produced from one lot of
barley and donated by the National Barley Foods Council
(Spokane, WA).

Analysis and Statistics

Two fasting blood samples (separated by 1 day) were col-
lected before controlled feeding began and weekly during each
period after an overnight fast of at least 12 hours. Plasma was
separated and stored at �80°C until all samples were collected.

Triacylglycerol and total cholesterol concentrations were de-
termined enzymatically with an automated spectrophotometric
system (Baker Instruments Corp, Allentown, PA). High-den-
sity lipoprotein (HDL) cholesterol was determined after other
fractions were precipitated with dextran sulphate and manga-
nese chloride [22]. Very-low-density lipoprotein (VLDL) and
low-density-lipoprotein (LDL) concentrations were calculated
[23]. Lipid subclass fractions were measured during the last
week of each period by nuclear magnetic resonance spectros-
copy [24]. Data were statistically analyzed by analysis of
variance using a mixed model procedure (PCSAS, Version 8.2,
SAS Institute, Cary, NC). Each subject served as his own
control. Data were examined for normal distribution. Triacyl-
glycerol concentrations were log transformed for statistical
evaluation. Differences of least squares means were determined
for significant factors. Data reported are least squares means �

SEM. Statistical significance was defined as p � 0.05.

RESULTS

Some gastrointestinal discomfort was noted by some of the
subjects during the equilibration period when a diet higher in
fiber than was typical was consumed. The major complaint was
that there was too much food and that subjects had a very full
feeling after eating. More subjects complained about bloating
and flatulence with the high-soluble fiber diet.

Average body weights varied by a little more than 1 kg from
the initial weight to the end of the Step 1 equilibration period,
a difference that was statistically significant (p � 0.038).
Subjects’ average weight after consuming all three whole-grain
diets was less than initial weights or weights after the Step 1
equilibration diet. Two of the 18 subjects were responsible for
most of the weight change. The weights of the remaining
subjects did not significantly change throughout the study (p �

0.192).
Total plasma cholesterol concentrations with and without

subjects who lost weight was significantly affected by the diet
consumed (p � 0.0001, Table 5) and by the length of time (by
week, p � 0.001; data not shown) the diet was consumed. No
interaction between diet and week was observed (p � 0.912).
The cholesterol concentrations on average did not significantly

Table 2. Nutrient Content of Diets

Step 1 Low Medium High

Energy (kcal) 2812 2839 2828 2817
Protein (g) 110 107 107 106
Fat (g) 96 98 98 98

Saturated (g) 25 24 24 24
Cholesterol (mg) 291 262 262 262

Carbohydrate (g) 388 400 401 402
Dietary fiber (g) 27 27 30 33
Soluble (barley) (g) 0 �0.4 3 6

Table 3. Sample Menus

Breakfast Lunch Dinner Evening snack

Control
Grapefruit juice Tuna salad Chicken/gravy Apple
English muffin Pita bread Green beans Peanut butter
Scrambled eggs Carrots Rice pilaf Rice cakes
Margarine/jelly Cookies Tossed salad

Lemonade Strawberries/cake
Test

Grapefruit juice Tuna salad Chicken/gravy Test cookies
Test hot cereal Pita bread Green beans Lemonade
Lactose-free milk Carrots Test pilaf
English muffin Test cake Tossed salad
Margarine/jelly

Table 4. Nutrient Content of Barley, Whole Wheat Flour,
and Brown Rice (100 g)

Barley Whole wheat flour Brown rice

Energy (kcal) 352 339 370
Protein (g) 9.9 13.7 7.94
Fat (g) 1.2 1.9 2.9
Saturated (g) 0.2 0.3 0.6
Carbohydrate (g) 77.7 72.6 77.2
Dietary fiber (g) 15.6 12.2 3.5
Soluble fiber (g) 5.0 1.1 0.3
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decrease until the fourth week of each period. Compared with
prestudy concentrations (Table 1), total cholesterol was 4%
lower (p � 0.026) after consumption of the Step 1 diet. Total
cholesterol was significantly lower than prestudy concentra-
tions (14%, 17%, and 20%, respectively; p � 0.001) after
subjects consumed the low-, medium-, and high-soluble fiber
diets. Total cholesterol concentrations after the high soluble
fiber diet were significantly lower than those after the low- or
medium-soluble fiber diets. Including the two subjects who lost
weight did not change the level of statistical significance nor
the differences between the diets. Means including the subjects
who lost weight (Table 5) did not appreciably differ from those
of the weight stable group. Calculated LDL cholesterol con-
centrations followed the same significant (p � 0.0001) pattern
of reduction that was observed for total cholesterol. Compared
with prestudy concentrations, LDL cholesterol was 4% lower
after the Step 1 diet and significantly lower (17%, 17%, and
24%, respectively; p � 0.001) after subjects consumed the
low-, medium-, and high-soluble fiber diets. LDL cholesterol
concentrations after the high-soluble fiber diet were signifi-
cantly lower that those after the low- or medium soluble fiber
diets. The level of statistical significance, the differences be-
tween the diets and relative mean concentrations were un-
changed when the two subjects who lost weight were included
(Table 5).

HDL cholesterol was significantly affected by the diet con-
sumed (p � 0.001, all subjects; p � 0.001, weight-stable
subjects) (Table 5). Compared with prestudy concentrations,
HDL cholesterol was significantly lower (p � 0.003) after the
Step 1 diet and the medium-soluble fiber diets. When the
subjects who lost weight were included, only the concentrations
after the Step 1 diet were significantly lower than prestudy
concentrations. HDL cholesterol concentrations after the low-,
medium- and high-soluble fiber diets were not significantly
different in either subject grouping. The ratio of total choles-
terol to HDL cholesterol was significantly affected by the diet
consumed (p � 0.001). The ratio was significantly lower (p �

0.001) after the three fiber diets compared with prestudy or
Step 1 concentrations. The ratio was lowest after the high-
soluble fiber diet, significantly lower than that after the medium
diet. The ratios after the three experimental diets were not
significantly different when data from the subjects who lost
weight were included.

Overall triacylglycerol concentrations tended to decline
(p � 0.0525, weight-stable subjects; p � 0.0178, all subjects)
from the prestudy and Step 1 concentrations (Tables 1 and 5).
Compared with prestudy concentrations, triacylglycerol con-
centrations were 3% lower after the Step 1 diet. Triacylglycerol
concentrations were 6%, 10%, and 16% lower after the low-,
medium-, and high-soluble fiber diets than before the study and
were significantly lower after the high-soluble fiber diet than
before the study and after the Step 1 period in both the weight
stable group and total subject group. Although triacylglycerol
concentrations decreased with increasing soluble fiber, concen-
trations after the low-, medium- and high-soluble fiber diets
were not significantly different.

Lipid fraction concentrations presented in Table 6 includes
all study subjects. The level of statistical significance, the
differences between diet means and relative mean concentra-
tions of lipid fractions with and without the two subjects who
lost weight were equivalent. Concentrations of large, interme-
diate, and small fractions of VLDL or LDL cholesterol pre-
study and after the Step 1 and three experimental diets were not
significantly different. VLDL and LDL cholesterol lipid frac-
tions after the low-, medium and high soluble fiber diets were
not different. The concentration of small HDL cholesterol
fractions after the experimental diets were significantly lower
than the prestudy concentrations. Intermediate HDL cholesterol
fractions after the experimental diets were significantly lower
than concentrations after the Step 1 diet. However, these dif-
ferences in HDL were not fiber specific. The large HDL par-
ticle concentrations did not significantly vary with diet.

The mean number of LDL particles significantly decreased

Table 5. Fasting Lipid Concentrations (mg/dL) Determined Enzymatically after the Equilibration and Experimental Dietary
Periods

Step 1 Low Medium High Diet effect

Weight-stable subjects (n � 16)
Cholesterol 225.0 � 8.4a 204.1 � 8.7b 202.1 � 8.4b 186.2 � 8.3c p � 0.0001
HDL cholesterol 38.2 � 1.6a 41.5 � 1.7b 39.7 � 1.6b 41.0 � 1.6b p � 0.003
LDL cholesterol 152.3 � 8.3a 130.4 � 8.6b 130.0 � 8.3b 116.1 � 8.22c p � 0.0001
Total/HDL ratio 6.1 � 0.36a 5.2 � 0.4bc 5.4 � 0.3b 4.9 � 0.4c p � 0.0001
Triacylglycerol 171.6 � 16.8a 167.9 � 17.4ab 161.7 � 16.8ab 151.7 � 16.6b p � 0.0525
All subjects (n � 18)
Cholesterol 223.6 � 7.6a 201.6 � 7.8b 199.4 � 7.6b 186.5 � 7.5c p � 0.0001
HDL cholesterol 37.5 � 1.6b 40.8 � 1.7a 38.9 � 1.6ab 39.9 � 1.6a p � 0.001
LDL cholesterol 149.3 � 7.8a 126.2 � 8.0b 126.2 � 7.8b 115.5 � 7.8c p � 0.0001
Total/HDL ratio 6.2 � 0.3a 5.2 � 0.3b 5.4 � 0.3b 5.0 � 0.3b p � 0.0001
Triacylglycerol 184.2 � 18.3a 178.4 � 18.6ab 171.7 � 18.3b 161.2 � 18.2b p � 0.0278

* Means within a row with different superscripts are significantly different.

Conversions of English to Metric units: cholesterol mg/dL * 0.0258 � mmol/L; triacylglycerols mg/dL * 0.01114 � mmol/L.
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(p � 0.007) after all the experimental diets; the greatest de-
crease (12%) occurred after the high-soluble fiber diet. LDL
mean size remained in the high-risk range after all diets for
these subjects. LDL particle size did show a significant varia-
tion between the diets but no difference was observed due to
the amount of soluble fiber in the diet. The size of VLDL and
HDL particles did not significantly vary with diet.

DISCUSSION

Most research studies using food as the soluble fiber source
have fed oats or oat products [2,12,17,18,25–32]. Some con-
trolled feeding studies compared a high-fiber diet with a low-
fiber diet. Many studies supplemented a self-selected diet with
added fiber with and without controlling or monitoring other
dietary factors. Significantly lower total cholesterol [2,25–27]
and LDL cholesterol [2,25–27] concentrations have been re-
ported after the consumption of oat bran compared to wheat
bran or rice bran added to the self-selected diets of hypercho-
lesterolemic subjects. Generally, no significant change was
reported in triacylglycerols [2,25,28] or HDL cholesterol
[2,26–28] concentrations in these subjects with the inclusion of
oatmeal or oat bran in the diet. The lipids of normolipemic
subjects usually do not decrease with the addition of soluble
fibers to their diet [2,29,33,34].

Relatively few studies have reported the �-glucan content of
the diet [2,8,16,30–32]. A reduction in total and LDL choles-
terol from prestudy and maintenance diet concentrations was
reported [8] after two levels of soluble oat extract (1.8 or 7.2 g
�-glucan/day) were consumed by moderately hypercholester-
olemic men and women for 5 weeks each. The greatest per-
centage decrease in total and LDL cholesterol occurred after

the higher �-glucan intake. Davidson et al. [30] reported total
cholesterol and LDL cholesterol were significantly lower after
the 28–84 g (1–3 oz) of oatmeal or oat bran as the �-glucan
source than after the farina. The greatest percentage change
from baseline value occurred when 56 g oat bran (4.0 g �-glu-
can), 84 g oatmeal (3.6 g �-glucan), or 84 g oat bran (6.0 g
�-glucan) were consumed, �-glucan intakes similar to that in
our medium and high soluble fiber diets. However, Mackay and
Ball [31] and Törrönen et al. [32] did not observe statistically
significant decreases in total cholesterol [31,32], LDL choles-
terol [31,32] after diets containing 1.9, 3.0, or 11.2 g �-glucan/
day. These authors observed a significantly higher [31] and no
difference [32] in HDL cholesterol concentrations. Jenkins et
al. [16] supplemented diets of moderately hypercholester-
olemic men and women consuming a self-selected Step II diet
with high-fiber foods so that average soluble fiber was in-
creased by 8 g/day compared to the diet with control foods.
Compared to the control diet, total cholesterol and the ratios of
total:HDL cholesterol and LDL:HDL cholesterol were signifi-
cantly lower after the higher soluble fiber diet. Our results
using a controlled Step 1 diet with 3 or 6 g soluble fiber/d were
similar even though different soluble fiber sources were used
on the two studies. Brown et al. [35] performed a meta-analysis
of 67 controlled studies and calculated that for each gram of
soluble fiber from oats, psyllium, or pectin, total and LDL
cholesterol decreased by approximately 1.55 mg/dL (0.04
mmol/L). The meta-analysis showed no significant change in
triacylglycerols and HDL cholesterol. The observed changes
appeared to be independent of study design, treatment length,
and dietary fat content.

Only one study has reported the effect of fiber on lipid
subclass and particle numbers [36]. Overweight men consum-
ing an oat (14 g dietary fiber/day, 5.5 g �-glucan) or wheat

Table 6. Fasting Lipid Fractions (mg/dl) of 18 Men Determined by Nuclear Magnetic Resonance Spectroscopy before and at the
End of Each Controlled Dietary Period

Prestudy Step 1 Low Medium High Diet effect

VLDL cholesterol
Large 28.2 � 8.8* 25.7 � 8.8 22.3 � 9.1 24.0 � 8.9 19.9 � 8.8 p � 0.661
Intermediate 52.5 � 7.7 55.8 � 7.7 53.1 � 8.0 58.7 � 7.8 50.2 � 7.7 p � 0.741
Small 22.1 � 2.7 22.7 � 2.7 25.6 � 2.9 17.9 � 2.8 20.8 � 2.7 p � 0.202
Mean size (nm) 45.16 � 1.85 45.41 � 1.83 44.62 � 1.88 46.41 � 1.85 44.07 � 1.83 p � 0.305
LDL cholesterol
Large 71.9 � 9.6 57.2 � 9.7 46.2 � 10.1 55.1 � 9.8 59.2 � 9.7 p � 0.061
Intermediate 53.4 � 7.7 48.1 � 7.7 58.1 � 8.1 54.0 � 7.8 44.2 � 7.7 p � 0.451
Small 0.9 � 4.4 10.1 � 4.4 7.8 � 4.6 5.2 � 4.5 5.5 � 4.4 p � 0.257
Mean size (nm) 21.31 � 0.16a 21.06 � 0.16b 20.97 � 0.16b 21.07 � 0.16b 21.13 � 0.16ab p � 0.041
Number particles 1287 � 57a 1229 � 57ab 1212 � 58b 1205 � 57bc 1135 � 57c p � 0.007
HDL cholesterol
Large 11.7 � 1.1 11.3 � 1.1 11.8 � 1.1 11.1 � 1.1 12.3 � 1.1 p � 0.588
Intermediate 0.8 � 0.3a 1.5 � 0.3b 0.6 � 0.3a 0.4 � 0.3a 0.2 � 0.3a p � 0.005
Small 23.9 � 0.6a 21.9 � 0.6b 21.7 � 0.6b 21.9 � 0.6b 21.0 � 0.6b p � 0.002
Mean size (nm) 8.62 � 0.05 8.58 � 0.05 8.62 � 0.05 8.59 � 0.05 8.64 � 0.05 p � 0.498

* Means within a row with different superscripts are significantly different.

Conversions of English to Metric units: cholesterol mg/dL * 0.0258 � mmol/L; triacylglycerols mg/dL * 0.01114 � mmol/L.
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supplement (14 g dietary fiber/day) for 12 weeks had a signif-
icant reduction (p � 0.05) in LDL cholesterol concentration,
LDL particle number, and the ratio of LDL to HDL cholesterol
from prestudy concentrations after the oats whereas the lipids
increased after the wheat. Total cholesterol, triacylglycerols,
and VLDL cholesterol showed the same pattern as LDL cho-
lesterol but the differences were not significant (p � 0.08, p �

0.07, p � 0.08, respectively). Concentrations of HDL choles-
terol and HDL cholesterol subclasses and diameters of LDL,
HDL, and VLDL particles were not significant by diet type.
The authors suggested that the decrease in small dense LDL
cholesterol concentration and LDL particle number without
changes in triacylglycerols or HDL cholesterol concentrations
may contribute to the beneficial effect of oat fiber on cardio-
vascular disease. We observed similar pattern in the reduction
of LDL particle number and concentration. However, we also
observed some reduction in the intermediate and small HDL
cholesterol subclasses. Freedman et al. [37] reported that men
with relatively high concentrations of either small HDL or large
VLDL particles were 3–4 times more likely to have extensive
coronary artery disease than men with concentrations below
average. Campos et al. [38] reported a significant association
between large LDL size and coronary artery disease in normo-
lipidemic men; large LDL particles were more prevalent in men
with coronary artery disease (43%) than in control subjects
(25%). The reduction in small HDL concentrations and LDL
cholesterol particles we observed after subjects consumed the
high-soluble fiber diet indicates an improvement in this risk
factor.

Few studies have used barley as the source of �-glucan in
the diet and most did not report the soluble fiber content of the
diets. Similar to our findings the addition of barley to the diet
resulted in lower total and LDL-cholesterol compared to con-
centrations prestudy or after a control grain. Newman et al. [34]
reported men consuming 42 g dietary fiber for 4 weeks from
wheat or barley had total and LDL cholesterol higher after the
wheat products and lower after the barley products compared
with prestudy concentrations. No decrease was observed in the
men who had normal cholesterol concentrations before the
addition of the barley. When oats or barley were consumed for
6 weeks by moderately hypercholesterolemic men and women
[39], total and LDL cholesterol were lower after both grains.
No significant difference between the two grains was observed,
an indication that soluble fiber and not the source was critical
in lipid reduction. A 50/50 mix of rice and barley (similar to the
mixture in our medium diet containing 3.0 g beta glucan)
consumed twice daily for 2–4 weeks resulted in significant
decreases in total cholesterol, LDL cholesterol, LDL lipopro-
teins, and VLDL lipoproteins of hypercholesterolemic men and
women, but not normolipemic subjects, from prestudy concen-
trations [33]. Lupton et al. [19] fed supplements of barley bran
flour (30 g/day), barley oil (3 g/day), or cellulose (20 g/day) to
hypercholesterolemic men and women following a Step 1 diet.
Similar to our results, the addition of the barley bran flour and

barley oil resulted in a significant decrease in total cholesterol
(p � 0.0001 and p � 0.002, respectively) and LDL cholesterol
(p � 0.036 and p � 0.003, respectively) whereas no change
was observed after cellulose. Unlike our findings, HDL cho-
lesterol decreased after the barley bran flour groups (p �

0.006). This may have been due, in part, to their subjects
consuming approximately half the barley consumed by our
subjects on the medium diet. McIntosh et al. [20] fed mildly
hypercholesterolemic men barley or wheat products for 4
weeks. The diets averaged 25 g insoluble fiber and 13.4 g
soluble fiber, which included 1.5 g and 8.0 g �-glucan, respec-
tively, from the wheat and barley diets. Total cholesterol (p �

0.05) and LDL cholesterol (p � 0.05) were significantly lower
after the barley diet than the wheat diet but triacylglycerols did
not significantly change.

Several mechanisms have been suggested for the lowered
cholesterol after increased soluble fiber consumption, including
increased excretion of bile acids or neutral sterols, increased
catabolism of LDL cholesterol, and reduced fat absorption
[40–42]. Increased viscosity of the gastric and intestinal con-
tents can delay gastric emptying, decrease nutrient absorption,
and interfere with micelle formation. Soluble fibers have been
shown to be fermented in the colon [40–42], giving rise to
short-chain fatty acids that can be absorbed and may inhibit
hepatic cholesterol synthesis. Reduced cholesterol concentra-
tions have also been associated with decreased postprandial
insulin concentrations observed after soluble fiber ingestion
[40]. In addition to the soluble fiber, barley contains a wide
range of phytochemicals, some of which are being investigated
for their effect on metabolism. A combination of factors and
mechanisms appears to contribute to the reduction of lipids
observed after consumption of barley.

CONCLUSION

Overall, the subjects’ cardiovascular risk factors improved
with decreased total cholesterol, LDL cholesterol (especially
large particle number), and ratio of total cholesterol to HDL
cholesterol. The highest soluble fiber intake had the greatest
effect on total and LDL cholesterol. These results indicate that
the addition of barley to a healthy diet can reduce risk of
cardiovascular disease.
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ABSTRACT
Background: The effects of dietary soluble fibers on blood cho-
lesterol are uncertain.
Objective: This meta-analysis of 67 controlled trials was per-
formed to quantify the cholesterol-lowering effect of major
dietary fibers.
Design: Least-squares regression analyses were used to test the
effect on blood lipids of pectin, oat bran, guar gum, and psyl-
lium. Independent variables were type and amount of soluble
fiber, initial cholesterol concentration, and other important study
characteristics.
Results: Soluble fiber, 2–10 g/d, was associated with small but
significant decreases in total cholesterol [20.045 mmol ·L21·g
soluble fiber21 (95% CI:20.054,20.035)] and LDL cholesterol
[20.057 mmol · L21· g21 (95% CI: 20.070, 20.044)]. The
effects on plasma lipids of soluble fiber from oat, psyllium, or
pectin were not significantly different. We were unable to com-
pare effects of guar because of the limited number of studies
using 2–10 g/d. Triacylglycerols and HDL cholesterol were not
significantly influenced by soluble fiber. Lipid changes were
independent of study design, treatment length, and background
dietary fat content.
Conclusions:Various soluble fibers reduce total and LDL cho-
lesterol by similar amounts. The effect is small within the prac-
tical range of intake. For example, 3 g soluble fiber from oats (3
servings of oatmeal, 28 g each) can decrease total and LDL cho-
lesterol by <0.13 mmol/L. Increasing soluble fiber can make
only a small contribution to dietary therapy to lower cholesterol.
Am J Clin Nutr1999;69:30–42.

KEY WORDS Meta-analysis, humans, controlled trials,
total cholesterol, low-density-lipoprotein cholesterol, LDL cho-
lesterol, high-density-lipoprotein cholesterol, HDL cholesterol,
triacylglycerols, dose response, fiber

INTRODUCTION

Coronary artery disease is the major cause of death in the
United States and in most Western countries (1), and blood cho-
lesterol is a major risk factor (2). Dietary and pharmacologic
reductions in total and LDL cholesterol decrease the risk of coro-
nary events (3–6), and dietary intervention is the first-line
approach (7). Increasing dietary fiber has been recommended as
a safe and practical approach for cholesterol reduction (8).

Dietary fiber is a collective term for a variety of plant sub-
stances that are resistant to digestion by human gastrointestinal
enzymes (9). Dietary fibers can be classified in 2 major groups
depending on their solubility in water. In humans, the structural
or matrix fibers (lignins, cellulose, and some hemicelluloses) are
insoluble, whereas the natural gel-forming fibers (pectins, gums,
mucilages, and the remainder of the hemicelluloses) are soluble.
Studies have focused on soluble fibers such as oats, psyllium,
pectin, and guar gum, and qualitative reviews suggested that
these fibers lower total and LDL cholesterol (10, 11). Water-
insoluble wheat fiber and cellulose have no effect unless they
displace foods supplying saturated fats and cholesterol (12).

There is debate as to the degree of cholesterol reduction
caused by soluble fibers. The range of effects on total cholesterol
varies from 218% to 0% in trials of oat products, from217% to
3% for psyllium, from 216% to 25% for pectin, and from
217% to 4% for guar gum (12). Reasons for such large varia-
tions include small sample sizes, different dosages of fiber, dif-
ferent background diets, concurrent changes in body weight,
varying dietary control, and different types of subjects. It is also
possible that certain fibers lower cholesterol more effectively
than others. For example, Bell et al (13) examined the hypocho-
lesterolemic effects of psyllium-and pectin-enriched cereals in a
randomized, controlled study. They found that the psyllium-
enriched cereal lowered cholesterol more effectively than the
pectin-enriched cereal. Also, trials of oat products suggested that
hypercholesterolemic patients are more responsive than nor-
molipidemic persons (14, 15).

Concurrent changes in fat and cholesterol caused by inade-
quate dietary control can confound the relation between
increased fiber intake and blood cholesterol concentrations. For
this reason, quantitating the direct effect of fiber on cholesterol
lowering, in addition to that attributed to displacement of satu-
rated and trans-unsaturated fat in the diet, is difficult.
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In this meta-analysis of controlled trials, we evaluated the cho-
lesterol-lowering effects of several water-soluble fibers. We stud-
ied the influence on blood lipid changes of fiber type, dosage, ini-
tial cholesterol concentration, concurrent changes in dietary fat
and cholesterol, and other aspects of the study designs.

MATERIALS AND METHODS

Trials of the effects of dietary fiber on blood cholesterol con-
centrations in adults were identified by a computerized literature
search (MEDLINE; National Library of Medicine, Bethesda,
MD) of articles published from 1966 to June 1996 and examina-
tion of cited reference sources. Only published trials reported in
English were considered; however, we included one unpublished
trial by Beling et al (1991; provided by Quaker Oats, Chicago),
which has been previously referenced in the literature (15). Stud-
ies were selected for analysis if they met the following criteria:
1) they were controlled (insoluble fiber or low-fiber diet used for
comparison with a high-fiber diet or a placebo used for compar-
ison with a pure fiber supplement) and had either a randomized
crossover or a parallel design; 2) they provided lipid changes in
the fiber and control groups to permit calculation of the treat-
ment effect; 3) they had an intervention period ≥14 d (16–18); 4)
they used soluble fiber from a single source to permit analysis of
differences between fiber types; 5) the amount of soluble fiber
used was indicated or could be estimated from the published lit-
erature (19–21); 6) they had a minimum lead-in period of 14 d
for studies administering the fiber with a low-fat, low-choles-
terol diet to eliminate possible effects on plasma lipids due to
overall dietary changes (16–18); and 7) dietary changes for both
the fiber and control groups were made under isoenergetic con-
ditions. This analysis was limited to primary sources of fiber for
which there were >5 trials per type: oat products, psyllium,
pectin, and guar gum.

The net changes in total cholesterol, LDL cholesterol, HDL
cholesterol, and triacylglycerols are presented in units of
mmol ·L21·g soluble fiber21. For studies with parallel group
designs, lipid effects were calculated by subtracting the mean
change in the control (low fiber) group from that in the treatment
(high fiber) group. In crossover studies, the estimate represents
the difference in posttreatment lipid concentrations for the high-
fiber and low-fiber periods. The net change was divided by the
daily dose of soluble fiber.

Individual studies were weighted by the inverse of the variance
of the fiber effect. For each trial, we estimated the SE of the treat-
ment effect for the lipid outcome measures by using the SDs of
paired differences (follow-up minus initial) for the treatment and
control groups. If the SDs were not provided, we used the SE val-
ues derived from the exact t ratios,P values, or 95% CIs (22). The
within-study SE was divided by the average daily dose for each
study to estimate the SE of the treatment effect per gram fiber.

We were unable to calculate the correct within-study SEs for
more than two-thirds of the trials on the basis of the published
data (few reported exact probability values or CIs for the group
differences described above). As an alternative, we estimated the
SE by using previously published methods and data from the
Lipid Research Clinics (23–28; Appendix A).

We computed summary estimates (effect sizes) of the net lipid
changes by combining the mean effect sizes reported by individ-
ual studies weighted by the inverse of the individual and between-
study variance according to a random effects model (29). Sum-

mary estimates were computed for each type of soluble fiber sep-
arately and for all fibers combined. All effect sizes are presented
with 95% CIs based on the estimated variances (Appendix A). We
assessed the homogeneity of effect sizes by the Q test (29), where
Q > x2

k 2 1, 0.95indicated that the individual estimates for k studies
were not estimators of one underlying effect.

For meta-analyses of each fiber type, we selected one set of
lipid results per study to avoid undue weighting of a study. For
instance, for the trial by Kestin et al (30), comparing oat bran,
wheat bran, and rice bran, we selected the effect size comparing
oat bran and wheat bran because wheat was the most often used
control fiber in the studies included in the meta-analysis. When
more than one dose was studied (31–33), the mean lipid change
across all doses was used to provide an average effect size.
However, each dose was represented separately in the dose-
response analysis.

Weighted least-squares regression analyses were performed
by using the general linear models procedure of the SAS pro-
gram (34) to test for differences in lipid changes (without divid-
ing by the dose of soluble fiber). In addition to the amount of sol-
uble fiber, the following independent variables were included in
the model: initial cholesterol concentration; type of dietary fiber;
study design (parallel or crossover); health status of study popu-
lation (healthy, hyperlipidemic, or diabetic); mean age; back-
ground diet (low-fat, low-cholesterol diet compared with usual
diet); dietary changes (change in the high-fiber period minus
change in the low-fiber period) in total fat, saturated fat, and
dietary cholesterol; type of control (low-fiber control product
compared with diet only); and treatment length. All models were
weighted by using the inverse of the variance of each effect esti-
mate. Models of dose response (dose of specific fiber and dose
response stratified by initial cholesterol concentration) were
examined by forcing the intercept through zero. Further model-
ing was done to determine the effects of variability of these
covariates among studies as predictors of changes in blood lipids
after the amount of soluble fiber and initial lipid concentrations
were controlled for. We did not assume a zero-intercept model to
examine the influence of these other covariates. A two-sided
significance level of 0.05 was used.

We calculated predicted changes in blood cholesterol from
changes in dietary fatty acids and cholesterol by using the equa-
tions of Keys et al (18) and Mensink and Katan (35) when suffi-
cient dietary data were included in the published reports. This
calculation was used to determine whether lipid changes could
be attributed to dietary changes other than the inclusion of solu-
ble fiber in the diet. An adjusted effect size for soluble fibers was
computed for each trial by subtracting the expected lipid changes
from the observed lipid changes (the combined effect of fat and
fiber). A new summary effect size was then calculated by using
the adjusted values for each trial.

RESULTS

Characteristics of the studies

We reviewed 162 clinical studies reporting the effects of oat
products, psyllium, pectin, or guar fiber on blood cholesterol. A
description of the individual trials considered for this meta-analy-
sis may be requested by contacting the corresponding author.
Ninety-two studies were excluded: 81 were not sufficiently con-
trolled, 8 had insufficient information, and 3 had a treatment
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period <14 d. Seventy published reports were identified for a
quantitative analysis. Three of these studies were included only in
the dose-response analysis because they did not use a true low-
fiber control but rather compared a high with a lower dose of the
same intervention fiber (36–38). The 67 trials included in the
analysis are summarized in Table 1 and included 25 trials of oat
products (30–33, 39–59), 17 of psyllium (13, 60–74), 7 of pectin
(13, 75–80), and 18 of guar gum (81–98). Not all trials of differ-
ent fiber sources provided total cholesterol, LDL-cholesterol,
HDL-cholesterol, and triacylglycerol concentrations.

The meta-analyses included 2990 subjects (1733 men, 1011
women, 246 sex not specified) whose average age was 50 y.
The average dose of 9.5 g soluble fiber was administered over
a mean treatment period of 49 d. Fifty-seven of 67 (85%) stud-
ies included in the meta-analyses used a control fiber that was
low in soluble fiber, such as wheat bran, cellulose-based
placebo, or corn flakes. The remaining 10 trials (15%) com-
pared the fiber intervention with a diet that excluded the fiber
intervention (diet only).

In 38 studies the background diets were the subjects’ usual
diets, which were most often similar to conventional Western
diets in fat and cholesterol contents; in 29 studies the back-
ground diets were low in fat and cholesterol (<30% of energy
from fat and <300 mg cholesterol/d). During the high-fiber inter-
vention, subjects consumed an average of 188 kJ more energy
than during the control period. Dietary fat and cholesterol were
slightly reduced during the high-fiber intervention:22.8 g total
fat, 20.34 g saturated fat, and 22.5 g cholesterol. Both groups
receiving the high- and low-soluble-fiber interventions lost
weight, 0.19 and 0.64 kg, respectively.

Effect of soluble fiber

In the full dose range, soluble fiber significantly reduced both
total and LDL cholesterol:20.028 (95% CI:20.035,20.022)
mmol ·L21·g soluble fiber21 [21.10 (21.34,20.87) mg/dL] and
20.029 (20.035,20.023) mmol ·L21·g soluble fiber21 [21.13
(21.37,20.89) mg/dL], respectively (Table 2). High-fiber diets
also significantly reduced HDL cholesterol, but by a much
smaller amount:20.002 (20.004,20.0003) mmol ·L21·g solu-
ble fiber21 [20.07 (20.13,20.01) mg/dL]. Soluble fiber intake
did not significantly affect triacylglycerol concentrations: 0.001
(20.004, 0.006) mmol ·L21·g soluble fiber21 [0.07 (20.35,
0.50) mg/dL]. The tests for heterogeneity were highly significant
(all P < 0.001), indicating that the lipid changes may have been
better characterized by separate estimates for studies similar in
design or subject characteristics such as type of soluble fiber.

Dose response

The net change in total and LDL cholesterol is plotted against
the mean daily dose of soluble fiber in Figure 1. The plot sug-
gests a nonlinear dose response. To test for nonlinearity, an expo-
nential term for dose (natural log of the amount of soluble fiber)
was used in the weighted least-squares regression models. We
found significant nonlinearity with doses >10 g/d for total cho-
lesterol and with doses >8 g/d for LDL cholesterol.

The meta-analyses in Table 2 were repeated for the practical
dose range (≤10 g/d) and we found that the overall effects of
fiber were greater compared with the results for the total dose
range: 1 g soluble fiber/d produced a change in total and LDL
cholesterol of 20.045 and 20.057 mmol/L (21.73 and 22.21
mg/dL). There was no significant dose-response relation

between soluble fiber and changes in HDL-cholesterol or tria-
cylglycerol concentrations.

Effect of initial lipid concentration

On the basis of weighted least-squares regression analyses,
the initial total cholesterol concentration was not a significant
predictor of lipid changes after adjustment for dose when entered
into the models as either a continuous variable (P = 0.18) or a
categorical (> compared with < 6.20 mmol/L) variable
(P = 0.91). There was a greater decrease in LDL cholesterol in
studies in which subjects had an average initial LDL-cholesterol
concentration >4.3 mmol/L [20.034 mmol/L (21.33 mg/dL),
P = 0.02] compared with an average initial LDL-cholesterol con-
centration <4.3 mmol/L [20.015 mmol/L (20.58 mg/dL),
P = 0.26]. However, this difference was only marginally signifi-
cant (P = 0.05). Net lipid changes were not significantly related
to initial concentrations for either HDL (P = 0.38) or triacyl-
glycerols (P = 0.53) after adjustment for dose.

Type of soluble fiber

Soluble fiber from oat products, psyllium, pectin, and guar
gum each significantly lowered total cholesterol (Figure 2, Table
2). One gram of soluble fiber from oats, psyllium, pectin, or guar
gum produced changes in total cholesterol of 20.037,20.028,
20.070, and 20.026 mmol/L (21.42,21.10,22.69, and 21.13
mg/dL), respectively, and in LDL cholesterol of 20.032,
20.029, 20.055, and 20.033 mmol/L (21.23, 21.11, 21.96,
and 21.20 mg/dL), respectively. These values were slightly
higher when the meta-analysis was repeated for the practical
dose range. Psyllium and guar gum lowered HDL cholesterol
significantly but minimally (Table 2). None of the soluble fibers
affected triacylglycerols. Type of soluble fiber was not a signifi-
cant predictor of lipid changes after the initial lipid concentra-
tion was controlled for by linear regression. We were unable to
compare effects of guar with those of the other fibers because of
the limited number of studies using 2–10 g/d.

Effect of other variables

After dose of soluble fiber and initial lipid concentrations
were controlled for, none of the following factors was a signi-
ficant predictor of changes in blood lipids: type of study
design, type of control, treatment length, background diet, type
of subject, weight change, or changes in dietary intake of fat
and cholesterol.

Dietary changes

For 22 of the 67 studies (33%), sufficient dietary data were
provided to calculate predicted changes in total cholesterol by
using equations from Keys et al (18) or Mensink and Katan (35).
There were 13 oat, 6 psyllium, and 3 pectin studies with doses of
soluble fiber ranging between 2.2 and 15 g. Most of the studies
reported reductions in total cholesterol that were greater than
predicted from changes in fatty acid or cholesterol intake. The
effect of fiber before adjusting for expected change in total cho-
lesterol was 20.039 (20.042,20.037) mmol/L [21.51 (21.58,
21.43) mg/dL] compared with 20.033 (20.035, 20.032)
mmol/L [21.30 (21.37, 21.23) mg/dL] after adjustment for
expected change as estimated by the Keys equation. Expected
change as estimated by the Mensink and Katan equation was
20.036 (20.038, 20.034) mmol/L [21.40 (21.48, 21.32)
mg/dL]. Thus, because the adjusted estimates were similar to the

32 BROWN ET AL
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TABLE 2
Net change in blood lipids in subjects consuming diets high in soluble fiber compared with low-fiber diets1

Full dose range (2–30 g/d) Practical dose range (2–10 g/d)2

Lipid measured No. of No. of Net change per Heterogeneity No. of No. of Net change per Heterogeneity
and fiber source studies subjects gram soluble fiber3 (Q) studies subjects gram soluble fiber3 (Q)

mmol ·L21·g21 mmol ·L21·g21

Total cholesterol
Oat products 25 1600 20.037 (20.051,20.022)4 62.65 22 1512 20.040 (20.054,20.026) 43.46

P: 703T, 552C P: 680T, 527C
X: 345T, 345C X: 305T, 305C

Psyllium 17 757 20.028 (20.037,20.020) 27.57 12 535 20.037 (20.049,20.025) 15.1
P: 279T, 276C P: 231T, 226C
X: 202T, 202C X: 78T, 78C

Pectin 7 277 20.070 (20.117,20.022) 32.65 7 277 20.070 (20.117,20.022) 32.65

P: 95T, 94C P: 95T, 94C
X: 88T, 88C X: 88T, 88C

Guar gum 17 341 20.026 (20.038,20.015) 180.55 28 40 — —
P: 69T, 59C P: 20T, 20C

X: 213T, 213C X: 0T, 0C
All fibers9 66 2975 20.028 (20.035,20.022) 260.45 43 2364 20.045 (20.054,20.035) 91.45

P: 1146T, 981C P: 1026T, 867C
X: 848T, 848C X: 471T, 471C

LDL cholesterol
Oat products 22 1439 20.032 (20.047,20.017) 79.710 13 867 20.037 (20.040,20.034) 75.810

P: 641T, 493C P: 347T, 259C
X: 305T, 305C X: 261T, 261C

Psyllium 17 757 20.029 (20.045,20.025) 123.25 4 151 20.067 (20.146,20.014) 29.55

P: 279T, 276C P: 43T, 48C
X: 202T, 202C X: 60T, 60C

Pectin 4 117 20.055 (20.087,20.022) 7.37 4 117 20.055 (20.087,20.022) 7.37

P: 20T, 19C P: 20T, 19C
X: 78T, 78C X: 78T, 78C

Guar gum 12 218 20.033 (20.048,20.017) 76.65 18 16 — —
P: 49T, 40C P: 8T, 8C

X: 129T, 129C X: 0T, 0C
All fibers9 55 2531 20.029 (20.035,20.023) 193.65 22 1151 20.057 (20.070,20.044) 35.611

P: 989T, 828C P: 418T, 334C
X: 714T, 714C X: 399T, 399C

HDL cholesterol
Oat products 24 1542 20.002 (20.007, 0.003) 70.05 18 998 20.001 (20.007, 0.008) 43.45

P: 674T, 523C P: 400T, 305C
X: 345T, 345C X: 293T, 293C

Psyllium 17 757 20.002 (20.004,20.0003) 15.8 12 535 20.004 (20.008,20.001) 10.0
P: 279T, 276C P: 231T, 226C
X: 202T, 202C X: 78T, 78C

Pectin 7 277 20.004 (20.028, 0.020) 84.75 7 277 20.004 (20.028, 0.020) 84.75

P: 95T, 94C P: 95T, 94C
X: 88T, 88C X: 88T, 88C

Guar gum 15 302 20.003 (20.005,20.002) 11.3 28 40 — —
P: 69T, 59C P: 20T, 20C

X: 174T, 174C X: 0T, 0C
All fibers9 63 2878 20.002 (20.004,20.0003) 167.35 39 1850 20.003 (20.006, 0.001) 134.85

P: 1117T, 952C P: 746T, 645C
X: 809T, 809C X: 459T, 459C

Triacylglycerol
Oat products 20 1374 0.008 (20.005, 0.022) 24.1 16 882 0.006 (20.006, 0.018) 17.5

P: 656T, 508C P: 382T, 290C
X: 210T, 210C X: 210T, 210C

Psyllium 16 720 0.003 (20.007, 0.013) 17.6 11 498 0.003 (20.013, 0.020) 13.8
P: 260T, 258C P: 212T, 208C
X: 202T, 202C X: 78T, 78C

Pectin 6 247 20.021 (20.066, 0.025) 17.65 6 247 20.021 (20.066, 0.025) 17.65

P: 81T, 78C P: 81T, 78C
X: 88T, 88C X: 88T, 88C

Continued on next page
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unadjusted estimates, the observed lipid changes cannot be
attributed primarily to the substitution of dietary fats and choles-
terol for dietary fiber within this subset of trials.

DISCUSSION

This analysis of 67 controlled clinical trials indicated that
diets high in soluble fiber decrease total and LDL cholesterol.
These findings are generally consistent with individual pub-
lished reports because high intakes of soluble fiber were associ-
ated with significant decreases in total and LDL cholesterol in
60–70% of the trials. Dietary fiber had a small HDL-lowering
effect at the borderline of statistical significance and did not
affect triacylglycerol concentrations.

There was substantial heterogeneity among individual studies,
suggesting that effects of fiber are not uniform. Differences in
the dose of soluble fiber accounted for some of the variability in
study results. Type of fiber apparently did not account for a
significant amount of variability; however, it is possible that
small differences between fibers of 20.02 to 20.03 mmol·L-1·g
soluble fiber-1 may not be detectable.

We found significant nonlinearity at higher doses, which may
have been due to diminished adherence or a biological maximum
being reached at higher doses (32). By analyzing lipid changes
within the restricted dose range (≤10 g), we could assess lipid
effects within more practical ranges of soluble fiber intake and
within the range in which the dose response appeared linear.

Our primary dose-response analyses were conducted by
assuming a zero intercept. Analyses allowing a nonzero intercept
produced a slightly smaller effect of fiber because the intercepts
were negative. This suggests that cholesterol would decrease in
the treatment group even if there was no added fiber in the high-
fiber group. This could result from nonlinearity of the relation

between fiber intake and change in lipids or residual confound-
ing by other important factors, such as body weight or dietary fat
changes, for which we were unable to adequately control. For
example, although we found that the changes in blood choles-
terol could not be attributed to the substitution of fiber for
dietary fats and cholesterol in most of the studies with available
data, most of the published reports did not provide sufficient
dietary data. This lack of sufficient data limits our ability to con-
clusively rule out this possibility. We also cannot rule out chance
as an explanation because the intercepts were not significantly
different from zero.

The mechanism by which fiber lowers blood cholesterol
remains undefined. Evidence suggests that some soluble fibers
bind bile acids or cholesterol during the intraluminal formation of
micelles (99). The resulting reduction in the cholesterol content
of liver cells leads to an up-regulation of the LDL receptors and
thus increased clearance of LDL cholesterol. However, increased
bile acid excretion may not be sufficient to account for the
observed cholesterol reduction (100). Other suggested mecha-
nisms include inhibition of hepatic fatty acid synthesis by prod-
ucts of fermentation (production of short-chain fatty acids such as
acetate, butyrate, propionate) (101); changes in intestinal motility
(102); fibers with high viscosity causing slowed absorption of
macronutrients, leading to increased insulin sensitivity (103); and
increased satiety, leading to lower overall energy intake (104).

Our data do not support previous findings that patients with
hypercholesterolemia are more responsive to dietary fiber than
are healthy individuals (14, 15). Subgroup analyses of initial
cholesterol concentrations showed that persons with moderate or
severe hypercholesterolemia (concentrations >6.20 mmol/L, or
>240 mg/dL) showed only slightly larger decreases in total cho-
lesterol than did those with lower cholesterol concentrations. We
did, however, find that initial LDL cholesterol was a moderately

DIETARY FIBER: A META-ANALYSIS 35

TABLE 2 (Continued)

Full dose range (2–30 g/d) Practical dose range (2–10 g/d)2

Lipid measured No. of No. of Net change per Heterogeneity No. of No. of Net change per Heterogeneity
and fiber source studies subjects gram soluble fiber3 (Q) studies subjects gram soluble fiber3 (Q)

mmol ·L21·g21 mmol ·L21·g21

Guar gum 17 338 20.001 (20.009, 0.006) 48.95 28 40 — —
P: 69T, 59C P: 20T, 20C

X: 128T, 128C X: 0T, 0C
All fibers9 59 2679 0.001 (20.004, 0.006) 181.75 35 1667 0.003 (20.015, 0.021) 85.315

P: 1066T, 903C P: 695T, 596C
X: 710T, 710C X: 376T, 376C

1P, parallel study; X, crossover study; T, treated; C, control. Average daily dose of soluble fiber: oat products, 5.0 g; psyllium, 9.1 g; pectin, 4.7 g: guar
gum, 17.5 g; all fibers combined, 9.5 g.

2Linear regression analyses were restricted to studies that used a dose #10 g/d for total cholesterol, HDL cholesterol, and triacylglycerol because of non-
linearity of the dose response. Analysis of LDL changes was restricted to studies that used a dose #8 g/d.

3Net change expressed as the value during the high-fiber diet minus that during the control (low fiber) period. To convert values for cholesterol to mg/dL,
divide by 0.02586; to convert values for triacylglycerol to mg/dL, divide by 0.01129.

495% CI in parentheses.
5P < 0.001.
6P < 0.002.
7P < 0.05.
8We were unable to analyze guar studies separately because of the limited number of studies within the restricted dose range.
9Meta-analysis included 67 trials; however, studies did not necessarily report measurements of all 4 lipid changes (total cholesterol, LDL cholesterol,

HDL cholesterol, and triacylglycerol).
10P < 0.005.
11P < 0.03.
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significant predictor of LDL-cholesterol changes, but the differ-
ence in responsiveness was small: 0.02 mmol/L (0.75 mg/dL) per
gram of soluble fiber (P = 0.05).

Most of the available epidemiologic studies suggest that
dietary fiber is inversely related to coronary artery disease (5,
105–109). Earlier studies suggested that the effects of fiber may
be larger than those shown in this meta-analysis. However,
methodologic problems including small sample sizes, incom-
plete dietary measures, and inadequate control of important con-
founders made it difficult to determine the effects of dietary fiber
independently of other dietary components and, more specifi-
cally, the contribution of soluble compared with insoluble fiber.
The modest reductions in cholesterol expected from intakes of
soluble fiber within practical ranges may exert only a small

effect on the risk of heart disease. For example, daily intake of 3
g soluble fiber from either 3 apples or 3 bowls (28-g servings) of
oatmeal can decrease total cholesterol by <0.129 mmol/L (5
mg/dL), a <2% reduction. On the basis of estimates from clini-
cal studies of cholesterol treatment (110), this could lower the
incidence of coronary artery disease by <4%. These findings are
consistent with an earlier summary of the cholesterol-lowering
effects of oat products (15).

Publication bias toward studies that showed positive results is
always a potential issue in meta-analyses and could be operating
in this study. If this were true, then the small effect estimates
associated with intake of dietary soluble fiber would be further
attenuated, further highlighting the need for conservative public
health claims. The major benefit from eating fiber-rich foods

36 BROWN ET AL

FIGURE 1. Relation between dose of soluble fiber and mean lipid changes. For each study, the net change in total cholesterol and LDL cholesterol
(expressed as the change during the high-soluble-fiber period minus the change during the low-soluble-fiber period) is plotted against the mean daily
dose of soluble fiber. All models were weighted by using the inverse of the variance of each effect size and forcing the intercept through zero. Plots
show an inverse association between dose of soluble fiber and mean changes in total and LDL cholesterol (P < 0.001). Individual studies with low  vari-
ance in the meta-analysis are denoted with circles around the point estimates.
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DIETARY FIBER: A META-ANALYSIS 37

FIGURE 2. Net change in total cholesterol. The net effect of consumption of different dietary fibers on total cholesterol concentrations for oat prod-
ucts, psyllium, pectin, and guar gum. Note that one guar study (85) did not include measures for total cholesterol. The bars represent the width of the
95% CIs for each study. The overall effect estimates and 95% CI are provided for each fiber.
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may be a change in dietary pattern, resulting in a diet that is
lower in saturated andtrans-unsaturated fats and cholesterol and
higher in protective nutrients such as unsaturated fatty acids,
minerals, folate, and antioxidant vitamins.

We are indebted to Peter Goldman, Endel J Orav, Ingrid J Anderson, and
Joseph McDevitt for their contributions to the early development of this
research and their continued support.
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APPENDIX A

1. TREATMENT EFFECT CALCULATION

Parallel studies:Dp = [Xtf 2 Xtb] 2 [Xcf 2 Xcb] (A1)

1 Mean lipid change 2 2 1 Mean lipid change2in the treatment group in the control group

where Xtf is the lipid value at the end of follow-up in the treat-
ment group,Xtb is the lipid value before intervention in the treat-
ment group,Xcf is the lipid value at the end of follow-up in the
control group, and Xcb is the lipid value before intervention in the
control group.

Crossover studies:Dx = [Xt 2 Xc] (A2)

1 Response average2 2 1 Response average2after treatment phase after control phase

where Xt is the lipid value at the end of follow-up and Xc is
the lipid value before intervention. The treatment effect was
divided by the average daily amount (dose in grams) of soluble
fiber. A negative effect size indicates a reduction during the
intervention phase.

2. CALCULATION OF WITHIN-STUDY VARIANCE
The primary endpoint is the change in total cholesterol, LDL

cholesterol, HDL cholesterol, and triacylglycerol from the end of
the dietary run-in period (if applicable) or the concentration
before the intervention was initiated (total cholesterol 1) to the
end of the intervention period (total cholesterol 2).

To derive a model for the variance of total cholesterol change,
we first assumed the following variance component model of
Rosner and Polk (1), which includes day-to-day variability and
subject-to-subject variability. (Within-day variability is also
included but it does not apply in our model because lipids were
measured once per visit.)

Total cholesterol =a + g + b (A3)

where a is a fixed constant describing the true mean total cho-
lesterol concentration in the population,g ~ N (0, s2

p) is the true
individual deviation about this population mean at the time of the
measurements, and b ~ N (0, s2

d) reflects the day-to-day varia-
tion.

If we assume that both total cholesterol 1 and total cholesterol
2 are computed as the mean of k measurements, then the variance
of each of these measures is given by

V(x) = s2 = s2
p 1 s2

d/k (A4)

The variance of the difference,D = total cholesterol 2 – total
cholesterol 1, may then be expressed as

Var (D) = 2s2 (1 2 r) (A5)

where r is the observed tracking correlation between the choles-
terol measures at baseline and follow-up. This quantifies the asso-
ciation between initial and subsequent cholesterol concentrations.

Calculation of variance components

Total cholesterol
By using estimates from the Lipid Research Clinics (2–4) and the

above formula, we obtained the following estimates for the variance
components, assuming that k = 2 (baseline and follow-up).

Day-to-day variation:s2
d = 15.72 = 246.5

Between-person variation:
s2

p = s2
p observed2 s2

d = 352 2 15.72 = 978.5

LDL cholesterol, HDL cholesterol, and triacylglycerol (mg/dL)

Day-to-day Between-person 
variation: variation:
s2

d (2,4) s2
p observed2 s2

d = s2
p

LDL cholesterol 15.52 = 240.3 332 2 15.52 = 848.8
HDL cholesterol 6.42 = 41.0 11.252 2 6.42 = 85.6
Triacylglycerol 51.02 = 2601.0 121.02 – 51.02 = 12040.0

Calculation of within-study variance

Total cholesterol
The observed tracking correlation between the initial and 

follow-up total cholesterol equaled 0.815 (4). This value was
corrected for within-person variation by using the following for-
mula (5) and the variance components as calculated above. This
model assumes that the variance components remain constant
over time. The true mean for an individual is allowed to vary
over time with a correlation Pts for measurements at time t and s.

Pts = P9ts 3
! (sp2 1 swt2) (sp2 1 sws2)

(A6)
sp

2

where Pts is the true tracking correlation between cholesterol
measures at times t and s where s > t, P9ts is the observed track-
ing correlation between mean cholesterol measures between
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times t and s (0.815),sp
2 is the between-person variance as cal-

culated on the previous page (978.5),swt
2 is the within-person

variance at time t (baseline), and sws
2 is the within-person vari-

ance at time s (follow-up).
Thus,

Pts = 0.815 3
!(978.5 1 246/1) (978.5 1 246/1)

978.5

Pts = 1 if the true tracking correlation is 1; eg, if for a short-term
period, the only source of variation is within-person variability.

Thus, we estimated that the SD of the change in total choles-
terol would be 15.7 mg/dL for one measure taken at baseline and
one at the end of treatment as calculated below.

Var (D) = 2[sp
2 (1 2 r) 1 (sw

2/2)] (A7)

Thus, Var (D) = 2[978.5 (0) 1 (246/2)] = 246. SD =!246
= 15.7 mg/dL (0.41 mmol/L).

LDL cholesterol, HDL cholesterol, and triacylglycerol (mg/dL)

After 
correction

Observed for within-
tracking person Estimated

correlation variation pre 2 post
(4,6) (Pts) 1 2 Pts SD

LDL cholesterol 0.77 0.99 0.012 16.5
HDL cholesterol 0.67 0.99 0.01 6.5
Triacylglycerol 0.75 0.91 0.09 69.1

3. CALCULATION OF Q

Q is used to assess homogeneity of study estimates of effect (7).

Q = owi (yi 2 yw)2 (A8)

yw = o wi yi / owi (A9)

4. CALCULATION OF BETWEEN-STUDY VARIANCE

s2 = [Q 2 (k 2 1)] /owi 2 (ow2
i /owi) (A10)

where yi is the outcome measure for the ith study,s2 is between-
study variance,s2

i is within-study variance (SE/daily dose of sol-
uble fiber in grams),wi = 1/(s2

i) for ith study (1/SE),yw is the
weighted mean, and k is the number of studies. Q > x2

k 2 1, 0.95

indicates that individual estimates for k studies are not estimated
by one underlying effect.

5. CALCULATION OF SUMMARY ESTIMATE OF
EFFECT AND 95% CIs (EFFECT SIZE PER GRAM
SOLUBLE FIBER)

Summary estimate: random effects model

The weighted estimate of the overall mean yw is

k

o wiayi

(A11)–yw =
i = 1

k

o wia
i = 1

95% CI
–yw ± 1.96!var (yw) (A12)

where wia = 1/(s2
i 1 s2)(d2), d2 is the daily amount of soluble

fiber in grams squared, and var –yw = 1/owia.
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Dietary Protein and Soluble Fiber Reduce Ambulatory
Blood Pressure in Treated Hypertensives

Valerie Burke, Jonathan M. Hodgson, Lawrie J. Beilin, Nella Giangiulioi, Penny Rogers, Ian B. Puddey

Abstract—In population studies, higher blood pressure has been associated with lower intake of protein and, possibly,
lower fiber consumption. In the present randomized controlled trial, we sought to determine whether dietary protein and
fiber had additive effects on blood pressure reduction in hypertensives. Treated hypertensive patients changed for 4
weeks (familiarization) to a diet low in protein (12.5% energy) and fiber (15 g/d). Patients (n541) were then randomized
to 1 of 4 groups in an 8-week factorial study of parallel design in which they continued the low-protein, low-fiber diet
alone or had supplements of soy protein to increase protein intake to 25% energy, of psyllium to provide an additional
12 g soluble fiber/d, or of both protein and fiber. The 24-hour ambulatory blood pressure was compared from the end
of familiarization to the end of intervention. In the 36 subjects who provided complete data, protein and fiber had
significant additive effects to lower 24-hour and awake systolic blood pressure. Relative to control subjects, the net
reduction in 24-hour systolic blood pressure was 5.9 mm Hg with fiber and with protein. Findings were independent of
age, gender, and change in weight, alcohol intake, or urinary sodium and potassium. Relative to reduced fiber and
protein intake, dietary protein and soluble fiber supplements lower blood pressure additively in hypertensives. These
findings have important implications for the prevention and management of hypertension, particularly in populations in
which high blood pressure is prevalent in association with diets low in protein, fiber, or both.(Hypertension. 2001;38:
821-826.)

Key Words: diet n blood pressuren blood pressure monitoring, ambulatory

I n population studies, estimated protein intake has been
inversely related to blood pressure (BP).1–7 Controlled

trials that focused on dietary protein and BP have usually
compared vegetable and animal proteins, investigating
whether vegetarians have a lower BP,8 and have in general
proved to be negative. However, increased dietary protein
attenuated the pressor effect of salt among young volunteers
with a family history of hypertension.9 Recently, soy protein
supplements of 40 g/d were found to lower systolic BP (SBP)
by 3 mm Hg and diastolic BP (DBP) by'2 mm Hg, relative
to control subjects,10 in 35- to 65-year-old Chinese subjects
with untreated high-normal BP.

Dietary fiber may also be related inversely to BP.2,11–13A
recent meta-analysis14 concluded that fiber probably has a
small BP-lowering effect. In Chinese populations, BP has
been associated inversely with both protein and fiber intake,2

consistent with additive effects. However, associations with
specific nutrients may arise through other dietary or lifestyle
differences that affect BP.

Given the worldwide prevalence of hypertension, it is
important to resolve whether dietary protein and fiber can
influence BP alone or additively. We therefore conducted a
randomized controlled trial in treated hypertensives in whom

protein or fiber intake, or both, was increased against a
background of a standardized diet low in both constituents.

Methods
Subjects
Nonsmoking men or women who were$20 years old and were
receiving drug therapy for hypertension were recruited via advertise-
ment. Inclusion criteria included drug therapy for$6 months with
#2 antihypertensive agents, SBP between 130 and 160 mm Hg, and
alcohol intake of#210 g alcohol/wk. Exclusion criteria included
diabetes, renal disease (creatinine.130 mmol/L), symptomatic heart
disease, regular use of nonsteroidal anti-inflammatory drugs, psychi-
atric illness, or body mass index of.33 kg/m2 for men and.37
kg/m2 for women. The study was approved by the University of
Western Australia Committee for Human Rights, and all participants
gave written consent.

Dietary Intervention
During the initial 4-week period (baseline), subjects followed their
usual diet, and nutrient intake was assessed individually from 3-day
weighed-food records to establish isoenergetic, weight-maintenance
diets for the subsequent intervention. In the next 4 weeks (familiar-
ization period), subjects were supplied home-delivered meals that
provided 12.5% of energy from protein and 15 g fiber/d. Participants
then entered into an 8-week-long study of factorial design in which
they were randomized to continue the 12.5% protein–15 g fiber/d
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diet (low fiber, low protein) or to consume a protein additive to
provide a total of 25% energy as protein. Within each arm, subjects
were further randomized to continue the low fiber intake or to
consume an additional 15 g psyllium/d, providing 12 g soluble
fiber/d. The low-protein diet provided an intake of protein equal to
the 10th percentile for the average Australian diet, and the supple-
ments equaled a protein intake of the 90th percentile.15

Protein was provided as 66 g soy protein/d (Archer Daniels
Midland Co). The equivalent energy intake was provided as a
supplement of 66 g maltodextrin powder/d (Starch Australasia Ltd)
in groups not consuming the soy supplement. Soluble fiber was
provided as psyllium husks from a single batch (DHA Pty Ltd
Designer Wise Foods). Supplements were provided as weighed daily
amounts to be taken as a drink mixed with juice or water throughout
the day; these consisted of (1) maltodextrin only in the low-fiber,
low-protein group; (2) soy protein only in the low-fiber, high-protein
group; (3) psyllium with maltodextrin in the high-fiber, low-protein
group; and (4) soy protein with psyllium in the high-fiber, high-
protein group. Because the soy protein was higher in potassium than
the maltodextrin or psyllium supplements, an additional 786 mg

potassium/d, as potassium chloride, was added to the nonprotein
supplements.

Dietary meals (lunch, dinner, snack, and fruit drinks) with speci-
fied nutrient content were obtained from Home Chef. Participants
provided breakfasts, based on a list of permissible low-fiber cereals
or low-fiber white bread. Meals were based on 2 serving sizes,
supplying '8 and '10 MJ/d, respectively. Participants were in-
structed on appropriate deviations from their supplied meals to
ensure that energy requirements were met and not exceeded. Indi-
vidual adjustments were made as needed based on food diaries,
weight monitoring, and weekly reviews with the same dietician.
Compliance with the supplements was monitored by weekly issue of
counted sachets and a final check on the number of sachets returned
at the end of the study. Urinary urea provided a further check on
compliance in the groups receiving protein supplements. Alcohol
intake was assessed using 7-day retrospective diaries at the end of
baseline, familiarization, and intervention periods.

Block randomization was carried out at the end of familiarization
using computer-generated randomly assigned numbers provided by
the statistician. Differences in taste and texture of the supplements
prevented blinding of the participants and the staff carrying out the
intervention, who also needed to provide specific dietary advice to
participants who had difficulty in compliance with the intervention.
Outcome assessment depended on electronically recorded ambula-
tory BP data and was independent of assessment by trial staff.

Anthropometry, Biochemical Variables, and
Lifestyle Monitoring
Weight was recorded weekly; height was measured with a stadiom-
eter. During the weekly visits, any changes in alcohol intake,
physical activity, health status, and medication use were monitored
by interview. Laboratory measurements, carried out at baseline and
at the end of each study period, included serum electrolytes, urea,
creatinine, uric acid, and 24-hour urinary creatinine, sodium, and
potassium.

Ambulatory BP Monitoring
BP was recorded over 24 hours at the end of baseline, familiariza-
tion, and intervention with an Accutracker II (model 104; Suntech).
BP was recorded every 30 minutes during waking hours and every
hour during sleep. A nurse fitted the monitor and explained its use to
the volunteers, who completed diaries describing their activity at the
time that ambulatory BP (ABP) was recorded. If the pulse pressure

Trial profile showing the numbers withdrawn at each stage of
the trial.

TABLE 1. Baseline Characteristics According to Treatment Group

Variable
Low Fiber, Low Protein

(n59)
High Fiber, Low Protein

(n59)
Low Fiber, High Protein

(n59)
High Fiber, High Protein

(n59)

M/F 3:6 4:5 6:3 5:4

Age, y 55.8 (44.0, 67.6) 57.3 (47.2, 67.5) 53.6 (43.9, 63.2) 59.3 (48.7, 69.9)

Body weight, kg 76.1 (66.1, 86.1) 82.9 (73.5, 92.3) 81.7 (67.8, 95.5) 76.2 (66.6, 85.9)

Mean 24-hour SBP, mm Hg 135.2 (126.2, 144.1) 130.9 (123.4, 138.3) 134.3 (126.0, 142.6) 131.6 (120.2, 143.0)

Mean 24-hour DBP, mm Hg 77.2 (71.2, 83.2) 77.9 (70.9, 85.0) 76.6 (70.4, 82.8) 73.6 (69.9, 77.5)

Mean 24-hour heart rate, bpm 74.2 (66.3, 82.2) 66.7 (60.3, 73.2) 76.1 (67.4, 84.7) 75.5 (69.4, 81.6)

Nondrinkers, n* 3 5 4 3

Antihypertensive agents

ACE inhibitor 4 3 2 4

ATR antagonist 0 0 1 1

ATR blocker 1 5 2 1

Calcium channel blocker 4 3 4 5

Diuretic 1 4 0 0

ATR indicates angiotensin II receptor.
Values expressed as mean (95% confidence limits). There were no significant differences between groups for any variable in ANOVA.
*Alcohol intake of ,12 g of alcohol weekly.
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was,20 mm Hg or readings were associated with a test code, they
were excluded from the analysis.

Statistical Analysis
Xyris software, based on the 1995 Australian NUTTAB database,
was used to assess nutrient intake. Characteristics of groups at
baseline were compared by ANOVA. Effects of dietary change on
change in 24-hour, awake, and asleep SBP, DBP, and heart rate were
examined using pooled time series random effects models (PROC
MIXED; SAS Institute) with change in mean 24-hour ABP as the
primary outcome measure. Age, gender, change in weight, change in
urinary sodium, and change in alcohol intake were included in
subsequent models.P,0.05 was considered significant.

Results

Subjects and Recruitment
Recruitment was performed over 1 year. The Figure shows
the trial profile with the numbers of participants who were
randomized and those who completed the study. On screen-
ing, 190 subjects were excluded because of smoking, medi-
cation, diabetes, illness, dietary restrictions (including the
need for a high-fiber diet), participation in a weight-loss
program or vegetarian diet, body mass index above the
exclusion limits, distance from the trial center, or inability to
attend the department because of time commitments. Before

TABLE 2. Total Energy and Nutrient Intake at Baseline Familiarization and After Intervention

Variable
Low Fiber, Low Protein

(n59)
High Fiber, Low Protein

(n59)
Low Fiber, High Protein

(n59)
High Fiber, High Protein

(n59)

Total energy intake, mJ/d

Baseline 7.5 (5.8, 9.2) 9.2 (8.3, 10.1) 10.2 (7.5, 11.9) 7.8 (6.8, 9.6)

Familiarization 9.2 (7.9, 10.5) 10.1 (8.4, 11.8) 10.6 (8.9, 12.3) 9.1 (8.0, 10.5)

Intervention 9.0 (7.6, 10.3) 9.3 (7.4, 11.3) 10.0 (7.7, 12.4) 8.1 (6.5, 10.5)

Total fat, % of energy

Baseline 27.1 (23.3, 31.0) 32.3 (25.8, 38.8) 31.4 (26.7, 34.0) 32.0 (28.9, 36.4)

Familiarization 22.8 (20.5, 25.0) 27.4 (23.5, 31.3) 26.7 (24.7, 28.7) 23.6 (21.7, 26.0)

Intervention 22.8 (18.8, 26.9) 25.1 (19.4, 30.8) 26.5 (23.2, 29.9) 26.1 (24.8, 28.0)

Saturated fatty acids, % of energy

Baseline 11.5 (9.1, 13.9) 13.7 (10.4, 16.9) 12.6 (9.8, 14.8) 13.7 (12.1, 16.0)

Familiarization 10.8 (9.2, 12.5) 12.1 (10.4, 13.8) 10.8 (9.4, 12.3) 10.6 (9.8, 11.6)

Intervention 10.8 (8.7, 13.0) 11.5 (8.4, 14.5) 10.9 (9.1, 12.7) 10.7 (9.5, 12.4)

Protein, % of energy

Baseline 20.0 (17.0, 23.0) 16.5 (15.2, 17.7) 19.2 (16.6, 24.9) 18.1 (11.3, 24.9)

Familiarization 11.8 (11.0, 12.6) 11.6 (10.5, 12.7) 11.8 (11.3, 12.4) 12.2 (11.2, 13.1)

Intervention 11.5 (10.6, 12.4) 12.2 (11.3, 13.2) 22.8 (20.0, 25.7)* 23.7 (20.4, 26.1)*

Carbohydrate, % of energy

Baseline 48.2 (43.3, 53.2) 49.4 (42.5, 56.4) 45.6 (38.8, 50.8) 46.5 (41.8, 49.5)

Familiarization 60.6 (57.3, 64.0) 58.7 (55.3, 62.1) 58.9 (56.4, 61.3) 60.6 (56.1, 63.8)

Intervention 62.2 (57.3, 67.1) 59.4 (54.4, 64.3) 49.9 (48.0, 51.8)* 47.7 (44.2, 51.3)*

Fiber, g/d

Baseline 20.2 (16.0, 24.5) 28.1 (21.2, 35.1) 25.4 (18.0, 32.5) 20.2 (16.8, 25.9)

Familiarization 12.6 (10.7, 14.6) 15.9 (12.6, 19.2) 15.2 (12.0, 18.4) 13.2 (11.4, 15.2)

Intervention 13.3 (11.6, 15.0) 26.2 (22.7, 29.7)* 14.2 (10.7, 17.6) 23.6 (20.4, 27.6)*

Sodium, g/d

Baseline 2.3 (2.0, 2.7) 3.1 (2.7, 3.5) 3.4 (2.4, 4.1) 2.6 (2.1, 3.2)

Familiarization 2.3 (2.0, 2.6) 2.6 (2.3, 3.1) 2.7 (2.3, 3.1) 2.2 (2.0, 2.6)

Intervention 2.2 (1.7, 2.7) 2.5 (1.8, 3.2) 2.6 (1.9, 3.3) 2.1 (1.4, 3.0)

Potassium, g/d

Baseline 2.9 (2.3, 3.6) 2.9 (2.4, 3.4) 3.1 (2.4, 3.9) 2.6 (2.2, 3.1)

Familiarization 2.8 (2.3, 3.4) 2.9 (2.4, 3.4) 3.1 (2.6, 3.6) 2.8 (2.5, 3.1)

Intervention 2.8 (2.4, 3.2) 2.8 (2.3, 3.3) 3.0 (2.5, 3.5) 2.6 (2.3, 3.0)

Alcohol intake, g/wk

Baseline 72 (0, 303) 33 (0, 121) 11 (0, 322) 52 (0, 284)

Familiarization 26 (0, 208) 35 (0, 70) 23 (0, 260) 51 (0, 135)

Intervention 48 (0, 183) 23 (0, 70) 33 (0, 250) 48 (0, 89)

Values from diet records expressed as means and 95% confidence limits.
*Variables showing significant differences (P,0.05) between familiarization and the end of intervention.
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baseline, 9 volunteers decided to withdraw, 2 men were
excluded because of high creatinine levels, and 2 women
were excluded because they were being treated with.2
antihypertensive drugs. Four withdrew before randomization
because of dietary intolerance, illness, or holidays, and 2 men
were excluded because non–insulin-dependent diabetes mel-
litus was detected at the screening. The main reasons for
dietary intolerance were distaste for the meals provided and
difficulty in drinking the maltodextrin supplement. Forty-one
volunteers were randomized, and 36 provided complete data.
There were 3 withdrawals during the intervention related to
dietary intolerance and 1 withdrawal due to a change in
antihypertensive medication. One subject in the high-fiber,
high-protein group completed the intervention, but acute
illness prevented recording of the postintervention ABP.
Table 1 shows that baseline characteristics were similar
between groups.

Nutrient Intake
Analysis of nutrient intake confirmed compliance with the
diets, showing a significant increase in protein, fiber, or
carbohydrate intake appropriate to group allocation (Table 2).
There were no other significant changes in dietary variables
with no significant between-group differences in sodium or
potassium intake, confirming that potassium added to the
low-protein supplements achieved intakes equivalent to those
from the soy protein supplements.

Body Weight, Urinary Analytes, and
Antihypertensive Drugs
There were no significant differences in body weight related
to the intervention (Table 3). Urine urea increased signifi-
cantly with higher protein intake (mean change relative to
nonprotein groups, 228.4 mmol/L; 95% confidence limits
[CL], 156.1 and 300.7 mmol/L), but there was no significant
change in the group with fiber only (net mean change,
2121.3 mmol/L; 95% CL, 2375.0 to 132.5 mmol/L).
Changes in serum creatinine and urea and urinary potassium,
sodium, sodium/potassium ratio, and creatinine did not differ
significantly between treatment groups. Except for the 1
patient who withdrew from the study, there was no change in
the dose or type of antihypertensive medication during the
trial.

ABP and Heart Rate
Table 3 shows the mean 24-hour SBP, DBP, and heart rate at
the end of familiarization and at the end of intervention, with
the greatest fall in BP in the high-fiber, high-protein group.
Net changes in mean 24-hour, asleep, and awake SBP, DBP,
and heart rate for main effects are shown in Table 4. Random
effects models showed significant independent effects of
fiber and protein on 24-hour SBP and awake SBP and a
significant effect of protein on asleep SBP. Interactions
between protein and fiber were not significant. Change in
24-hour and awake DBP was significantly related to protein
but not to fiber. Changes in BP were independent of age,
gender, and changes in weight, alcohol intake, and urinary
sodium or potassium excretion. Protein significantly reduced
24-hour and awake heart rates.

Relative to control subjects, 24-hour mean SBP fell by
2.4 mm Hg (95% CL,210.0 and 5.2 mm Hg) in the high-
fiber, low-protein group; by 2.9 mm Hg (95% CL,214.5 and
2.8 mm Hg) in the low-fiber, high-protein group; and by
10.5 mm Hg (95% CL,220.4 and20.6 mm Hg) in the
high-fiber, high-protein group. Net decreases for DBP were
1.9 mm Hg (95% CL,27.8 and 4.0 mm Hg), 2.5 mm Hg
(95% CL,26.6 and 1.6 mm Hg), and 3.6 mm Hg (95% CL,
28.3 and 1.1 mm Hg), respectively, whereas heart rate
increased by 3.5 bpm (95% CL,25.7 and 12.7 bpm) in the
high-fiber, low-protein group and fell by 0.5 bpm (95% CL,
25.4 and 4.4 bpm) in the low-fiber, high-protein group and
by 1.7 bpm (95% CL,25.8 and 3.1 bpm) in the high-fiber,
high-protein group.

Discussion
This study is the first to examine the independent and
combined effects on 24-hour BP of dietary protein and
soluble fiber. Relative to a low-protein, low-fiber diet, SBP
fell by '6 mm Hg both with soy protein sufficient to increase
protein intake from the 10th to the 90th percentile for
Australian diets15 and with psyllium supplements that dou-
bled the fiber intake. Additive effects of protein and fiber
produced the greatest fall in BP in the group that received
both supplements. Our findings are consistent with popula-
tion studies that link lower BP with higher intake of protein
and fiber and indicate a causal association.

TABLE 3. Mean 24-Hour SBP, DBP, and Heart Rate at Familiarization and the End of Intervention

Variable (24-h
mean)

Control
(n59)

High Fiber, Low Protein
(n59)

Low Fiber, High Protein
(n59)

High Fiber, High Protein
(n59)

SBP, mm Hg

Familiarization 131.8 (122.6, 141.0) 131.6 (121.0, 142.2) 133.7 (123.9, 143.3) 135.0 (120.0, 150.0)

Postintervention 134.1 (123.7, 144.5) 131.1 (121.3, 140.9) 133.6 (123.7, 143.4) 126.6 (114.0, 139.2)

DBP, mm Hg

Familiarization 74.6 (67.8, 81.5) 78.1 (69.4, 86.9) 76.8 (69.3, 84.3) 74.1 (66.7, 81.4)

Postintervention 76.0 (69.1, 82.9) 78.7 (69.9, 87.6) 75.8 (67.6, 84.0) 71.8 (65.0, 78.5)

Heart rate, bpm

Familiarization 71.4 (61.8, 81.0) 67.0 (60.0, 74.0) 76.9 (69.8, 84.0) 73.0 (65.7, 80.2)

Postintervention 72.7 (63.1, 82.2) 70.4 (59.6, 81.1) 76.7 (67.6, 85.9) 72.0 (67.0, 76.8)

Values are mean (95% confidence limits).
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Population studies suggest an inverse association between
SBP and protein intake of either animal or vegetable origin.
Among rural Japanese, a higher ratio of urinary sulfate to
nitrogen, reflecting the intake of animal protein, was related
to lower SBP in men.16 In a 7-year prospective study in the
United States, in which animal products are the main source
of dietary protein, a change in SBP related inversely to
protein intake at baseline.5 Similar inverse relationships have
been reported for the intake of vegetable protein2,4 and animal
protein.6,7

Amino acid content of proteins may be relevant to effects
on BP.17 L-Arginine, acting via NO,18 lowers BP and im-
proves endothelial function. Taurine lowers BP in animals19

and is inversely related to BP in population studies.20 A
nonspecific dose-dependent diuretic effect of amino acids
may also contribute to the BP-lowering effect.21

There are no satisfactory controlled trials that compare the
effects of both the quantity and the type of protein on BP (see
Beilin8 for a review). We used a supplement of soy protein
rather than of animal protein to minimize changes in other
nutrients, but soy proteins contain isoflavones, which may
themselves have cardiovascular effects.22 Soy protein supple-
ments that provide 118 mg isoflavone/d reduced SBP by
7.5 mm Hg in men and postmenopausal women.23 In a
randomized controlled trial, 55 mg isoflavonoids/d, on a
background of a usual diet, had no significant effect on ABP
in men or women,24 consistent with the report that BP in
women was unchanged by 80 mg isoflavones/d.25 In the
present study, soy protein provided 23 mg isoflavones/d, and
it is unlikely that the isoflavone content alone accounts for the
findings.

Several epidemiological studies have shown an inverse
association between dietary fiber and BP2,11–13or the devel-
opment of hypertension,12 and clinical trials suggest a small
antihypertensive effect.14 Inconsistent results of fiber supple-
ment studies may have arisen from variations in types of
fibers and background diets. In stroke-prone spontaneously

hypertensive rats, psyllium attenuated salt-accelerated hyper-
tension,26 an effect that the authors suggested may be ex-
plained by increased fecal excretion of sodium bound to the
soluble fiber. Soluble fiber seems more likely to induce
cardiovascular effects.

Estimates from the International Study of Salt and Blood
Pressure (INTERSALT) study1 suggest that an increase of
37 g dietary protein/d, less than the 66 g/d used in the present
study, would lead to falls in population mean SBP of
'3 mm Hg, sufficient to substantially reduce population
morbidity and mortality rates from cardiovascular diseases.27

These findings therefore have important implications for the
prevention and management of hypertension. In developing
populations, a high prevalence of hypertension occurs against
a background of a low intake of protein and fiber and high
dietary salt consumption. However, even in industrialized
countries, there are wide discrepancies in dietary fiber and
protein intakes, in large part related to socioeconomic status.
Our findings suggest that adequate intake of protein and fiber,
particularly with fruits and vegetables as sources of soluble
fiber, should be considered in recommendations of an optimal
diet for reduction of cardiovascular risk in subjects with
normal renal function. Epidemiological studies on the whole
suggest that low-fat animal products may be equally effective
protein sources for lowering BP, whereas fish, fruit, and
vegetables have a variety of other constituents thought to be
of benefit for cardiovascular health.
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Muesli with 4 g oat b-glucans lowers glucose and
insulin responses after a bread meal in healthy
subjects

Y Granfeldt1, L Nyberg2 and I Björck1

1Applied Nutrition and Food Chemistry, Department of Food Technology, Engineering and Nutrition, Lund University, Lund, Sweden
and 2Skånemejerier, Malmö, Sweden

Objective: To evaluate the impact of an extruded muesli product based on b-glucan-rich oat bran on postprandial glycaemia
and insulinaemia.
Subject/Design: The study is divided in two series. Blood glucose and serum insulin responses were studied after subjects
consuming test meals including a serving of muesli with 3 g (series 1) and 4 g (series 2) of b-glucans, respectively. The muesli was
a component in a single serving packet with muesli and yoghurt. This was served together with white wheat bread in the
morning after an overnight fast. The compositions were standardized to contain 50 g available carbohydrates. As a reference
meal a serving packet without b-glucans was included. The study was performed at Applied Nutrition and Food Chemistry, Lund
University, Sweden. Nineteen and thirteen healthy volunteers with normal body mass index were recruited for series 1 and 2,
respectively.
Results: Muesli with 3 g of b-glucans, included in a mixed bread meal, gave no significant differences in glycaemic response
compared to a reference meal without muesli and b-glucans. In contrast, muesli with 4 g of b-glucans significantly (Po0.05)
lowered the glucose and insulin responses compared to the reference meal.
Conclusions: Muesli enriched with 4 g of b-glucans reduces postprandial glucose and insulin levels to a breakfast based on high
glycaemic index products. A total of 4 g of b-glucans from oats seems to be a critical level for a significant decrease in glucose
and insulin responses in healthy people.

European Journal of Clinical Nutrition (2008) 62, 600–607; doi:10.1038/sj.ejcn.1602747; published online 4 April 2007

Keywords: b-glucan; glucose response; insulin response; functional foods; oat bran; glucose tolerance

Introduction

A major challenge of nutrition science is in the combat of

diet-related disorders. In particular, the global pandemic of

type 2 diabetes and pre-diabetic states goes hand in hand

with a global pandemic of obesity, with the majority of the

type II diabetics also suffering from obesity. Dietary measures

that could facilitate weight maintenance, and improve

insulin sensitivity are thus of interest in the prevention of

the insulin resistance syndrome.

The postprandial glucose level after carbohydrate consump-

tion is known to induce hormonal and metabolic responses

with potential influence on health. In this respect food,

characterized by a low glycaemic response (low glycaemic

index (GI) foods), has been found to induce benefits on

certain risk factors for chronic diseases, such as type II

diabetes, cardiovascular disease and obesity. A low-GI diet

may improve management of diabetes by lowering early

postprandial hyperglycaemi and decreasing risk for post-

absorptive hypoglycaemia (Brand et al., 1991; Wolever et al.,

1992; Järvi et al., 1995; Gilbertson et al., 2001). By inducing

low insulin levels (Björck et al., 2000) and increased insulin

sensitivity (Wolever et al., 1992; Frost et al., 1996, 1998; Järvi

et al., 1999) a low-GI diet also affects the risk for other
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metabolic diseases associated with the insulin resistance

syndrome, for example, cardiovascular disease (Wannamethee

et al., 2005). A recent examination of the Framingham

Offspring Study showed that diets with lower GI are associated

with lower insulin resistance, and a reduced risk of developing

the insulin resistance syndrome (McKeown et al., 2004).

Epidemiological evidence are also at hand indicating a

preventive role of a low glycaemic response (Salmerón et al.,

1997a, b) and of grains and cereal fibre (Meyer et al., 2000)

against development of type 2 diabetes. Further, a negative

correlation was found between serum high-density lipo-

protein cholesterol, another predictor of cardiovascular

disease, and GI of the diet (Frost et al., 1999). Epidemiological

studies have also found a preventive role of low-GI diet in

relation to cardiovascular disease (Liu et al., 2000, 2001),

whereas van Dam et al. (2000) did not find such a correlation.

With respect to obesity that has reached to epidemic

proportions, the efficacy of low-fat diets has been questioned

in recent years and instead the hypothesis has been focused

on the intake of high-GI foods (Ludwig, 2000; Brand-Miller

et al., 2002; Pawlak et al., 2002). Various studies have

demonstrated positive acute effect of low-GI food, for

example, increased satiety in healthy subjects (Granfeldt

et al., 1994; Liljeberg and Björck, 1998; Östman et al., 2005)

and decreased voluntary food intake in obese subjects

(Ludwig, 1999). Further medium- to long-term studies in

obese subjects are at hand, for example, the findings that a

low-GI diet reduced fasting insulin levels in parallel to a

weight loss in obese women in a 12-week study (Slabber

et al., 1994), or that the body weight of obese children

decreased more after a low-GI diet compared to a standard

reduced fat diet in a 15-month study (Spieth et al., 2000) In

the EURODIAB Complications Study of nearly 3000 adults

with type I diabetes, consumption of lower GI diet was found

to be related to lower measures of intra-abdominal fat mass

and total body fat (waist-to-hip ratio and waist circumfer-

ence) independently of carbohydrate, fat or fibre intake

(Toeller et al., 2001). In the most recent WHO report, ‘Diet

nutrition and the prevention of chronic diseases’ (FAO/

WHO, 2003), the preventive potential of low-GI diets in

relation to obesity and diabetes was graded as ‘possible’.

The glycaemic response of a starchy food is influenced by

its rate of intestinal absorption, which in turn is influenced

by its gross matrix structure (Granfeldt et al., 1991; Liljeberg

et al., 1992; Tovar et al., 1992), the starch crystallinity

(Granfeldt et al., 1995a, 2000, 1995b) and food components

such as certain organic acids (Liljeberg and Björck, 1998;

Liljeberg et al., 1995) or viscous dietary fibre (Holm and

Bjorck, 1992; Fairchild et al., 1996; Liljeberg et al., 1996).

Current dietary recommendations emphasize generous

amounts of carbohydrate foods and dietary fibre in the diet.

The daily recommendation for dietary fibre intake in Sweden

is 25–35 g. Soluble fibre has generated considerable interest

because of its potential to moderate the rate of the

postprandial glucose delivery to the blood (Nutall, 1993)

and of its capacity to affect cholesterol metabolism (Brown

et al., 1999). Water-soluble, gel-forming fibre in the form of

guar gum, and b-glucans added to glucose solution or mixed

with food reduce the expected rise in blood glucose and

insulin concentration both in diabetics (Tappy et al., 1996;

Jenkins et al., 2002) and healthy subjects (Jenkins et al., 1977;

Fairchild et al., 1996; Liljeberg et al., 1996). In long-term

control studies, various soluble fibres have been shown to

reduce low-density lipoprotein cholesterol such as psyllium

(Anderson et al., 1995), b-glucans (Önning et al., 1999;

Kerckhoffs et al., 2003), guar gum (Aro et al., 1981) and

leguminous fibre (Simpson et al., 1981). Further, oat bran

concentrate has been found to improve long-term control of

diabetes (Pick et al., 1996). The active component in oats is

refereed to be b-glucans.

This mechanism for reducing glycaemic response and

cholesterol may be utilized in the formulation of functional

food. However, when used commercially, many factors, for

example, cost and taste are of importance. In a recent study

by Jenkins et al. (2002) it was concluded that b-glucans may

be useful as a functional food component for reducing

postprandial glycaemia, without changing the palatability of

the product. In particular, there is a need to develop new

low-GI food alternatives among the cereal products and

many of the current bread and muesli-type products are

characterized by high GI.

The purpose of the present paper was to study the effects

on postprandial glycaemia and insulinaemia of an extruded

muesli product based on a b-glucan–enriched oat bran as a

major ingredient. Two levels of b-glucans, 3 or 4 g, were

included in a breakfast based on muesli/yoghurt and white

bread, and tested in healthy subjects. A similar meal without

b-glucans was used as reference. The Ethics Committee of the

Faculty of Medicine at Lund University approved the study.

Materials and methods

Experimental design

The present study is divided in two series: with the test meal

including a serving of muesli with 3 and 4 g of b-glucans,

respectively. The muesli was a component in a single serving

packet with muesli and yoghurt. The effect of this serving

packet with muesli/yoghurt on blood glucose and insulin

responses after a bread breakfast meal was studied. As a

reference meal a serving packet without b-glucans was

included.

Series 1

Test meal, including 3 g b-glucans. The test meal and the

reference meal were provided by (Skånemejerier, Malmö,

Sweden). The test meal consisted of a serving packet with

vanilla yoghurt and muesli with 3 g b-glucans besides that a

sandwich with white wheat bread, cheese and butter were

included. The muesli consisted of flakes made from oat bran

(OatWell, Swedish Oat Fiber/Crea Nutrition, Väröbacka,
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Sweden), dried fruit (3.1 g), wheat germ, corn flakes, malt

extract and salt. The amount of oat bran flakes was adjusted

to contain 3 g of b-glucans. The reference meal was the same

as the test meal, except for the oat bran flakes in the muesli.

The content of available carbohydrates in the muesli was

compensated for more bread in the reference meal. The

compositions were standardized to contain 50 g available

carbohydrates (Table 1).

Subjects. Nineteen healthy, non-smoking volunteers, 13

women and 6 men, took part in the study. Their average

age was 37.5715.2 years (mean7s.d.) and their mean body

mass index 22.470.6 (mean7s.d.). The night before every

test breakfast, the subjects were requested to eat a standar-

dized late-evening meal, based on 2–3 slices of white wheat

bread. After 10 pm, the subjects were allowed to drink only

water. The reference and test breakfast meals were served

randomized after an overnight fast. The tests were performed

approximately 1 week apart and commenced at the same

time in the morning. All meals were consumed steadily and

finished within 12–14 min. Water (150 ml) and 150 ml tea or

coffee was served with each meal. The test subjects were

allowed to choose between these drinks and retained the

same drink through the study.

Series 2

Test meal, including 4 g b-glucans. The test meal in series 2

consisted of a serving packet with vanilla yoghurt and muesli

with 4 g b-glucans besides that a sandwich with white wheat

bread, cheese and butter was included. The muesli consisted of

flakes made from oat bran (OatWell), dried fruit (3.1 g), wheat

germ, corn flakes, malt extract and salt. The amount of oat

bran flakes was adjusted to contain 4 g of b-glucans. The test

meal in series 2, thus consisted of exactly the same ingredients

as the test meal in series 1 with the exception that more oat

fibre flakes were included in the muesli, to an amount

containing 4 g b-glucans. The reference meal was the same as

the test meal, except for the muesli. The content of available

carbohydrates in the muesli was compensated for more bread

in the reference meal. The compositions were standardized to

contain 50g available carbohydrates (Table 2).

Table 1 Composition of the test meal and the reference meal, series 1

Muesli a Vanilla yoghurt a White wheat bread b,c Cheese c Butter c Total

Test meal
Weight (g) 19 200 47.6 13 3.5
Carbohydrates (g) 7.5 24.0 18.5 — — 50.0
Protein (g) 3.2 8.0 2.9 4.0 — 18.1
Fat (g) 1.0 1.0 0.6 2.2 2.8 7.6

Reference meal
Weight (g) 3.1 200 60.0 13 3.5
Carbohydrates (g) 1.2 24.0 23.3 — — 48.5
Protein (g) — 8.0 3.7 4.0 — 15.7
Fat (g) — 1.0 0.8 2.2 2.8 6.8

aNutrient composition according to product information.
bCarbohydrates analysed according to Holm et al. (1986).
cProtein and fat are values from the Swedish food composition tables (www.slv.sc).

Table 2 Composition of the test meal and the reference meal, series 2

Muesli a Vanilla yoghurt a White wheat bread b,c Cheese c Butter c Total

Test meal
Weight (g) 27 200 39.6 13 3.5
Carbohydrates (g) 10.6 24.0 15.4 — — 50.0
Protein (g) 4.6 8.0 2.4 4.0 — 19.0
Fat (g) 1.5 1.0 0.6 2.2 2.8 8.1

Reference meal
Weight (g) — 200 66.9 13 3.5
Carbohydrates (g) — 24.0 26 — — 50.0
Protein (g) — 8.0 4.1 4.0 — 16.1
Fat (g) — 1.0 0.9 2.2 2.8 6.9

aNutrient composition according to product information.
bCarbohydrates analysed according to Holm et al., 1986).
cProtein and fat are values from the Swedish food composition tables (www.slv.sc).
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Subjects. Thirteen healthy, non-smoking volunteers, eight

women and five men, took part in the study. Their average

age was 37.573.6 years (mean7s.d.) and their mean body

mass index 22.470.6 (mean7s.d.). The night before every

test breakfast, the subjects were requested to eat a standar-

dized late evening meal, based on 2–3 slices of white wheat

bread. After 10 pm, the subjects were allowed to drink only

water. The reference and test breakfast meals were served

randomized after an overnight fast. The tests were performed

approximately 1 week apart and commenced at the same

time in the morning. All meals were consumed steadily and

finished within 12–14 min. Water (150 ml) and 150 ml tea or

coffee was served with each meal. The test subjects were

allowed to choose between these drinks and retained the

same drink through the study.

Sampling and analysis

The subjects arrived in the laboratory in the morning after

an overnight fast. A fasting blood sample was taken before

the meal was served. After the breakfast, blood samples were

taken at 15, 30, 45, 70, 95 and 120 min for analysis of glucose

and at 15, 30, 45, 95 and 120 min for analysis of insulin.

Blood glucose concentrations were determined with a

glucose oxidase peroxidase reagent and serum insulin

concentrations were determined with an enzyme immuno-

assay kit (Mercodia AB, Uppsala, Sweden).

The Ethics Committee of the Faculty of Medicine at Lund

University approved the study.

Statistical analysis

The areas under the curves (AUCs) (0–95 and 0–120 min)

were determined for blood glucose and serum insulin

(GraphPad Prism ver. 3.0; GraphPad Software, San Diego,

CA, USA). GI and II (insulinaemic index) were calculated

from the AUCs with each subject being their own reference.

All areas below the baseline were excluded from the

calculations. Values are presented as mean7s.e.m. All

statistical calculations were performed in Minitab Statistical

Software (release 13 for Windows; Minitab Inc., State

College, PA, USA). Significances were evaluated with the

general linear model (analysis of variance) followed by

Tukey’s multiple comparisons test. Values of Po0.05 were

considered significant.

Results

Series 1

When the muesli/yoghurt with 3 g b-glucans was included in

the mixed bread-based meal no significant differences were

seen in the glycaemic response (Figure 1), except for at one

time point, 15 min, where the blood glucose level was

significantly lower after the test meal with the oat bran

flakes, comparing to the reference meal (Po0.05). A reduc-

tion of the incremental area under curve (0–95 min) by

17.6% was obtained compared to the reference meal,

although it was not significant (Table 3).

The postprandial insulin response was significantly lower

at two time points, 15 and 30 min, after the test meal,

compared to the reference meal (Po0.05, Figure 2). No

significant difference was seen between the insulin areas
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Figure 1 Mean incremental blood glucose responses in healthy
subjects following ingestion of breakfast meals; a test meal with
wheat bread, yoghurt and muesli with oat bran flakes containing 3 g
of b-glucans (m) and a reference meal with white wheat bread,
yoghurt and muesli without oat bran flakes (’). Values with
different letters are significantly different (Po0.05).

Table 3 Fasting values, postprandial glucose and insulin areas, series 11

Test meal Reference meal Reduction in postprandial area, % of reference meal

Blood glucose
Fasting value (mmol/l) 4.870.1b 4.770.1a

Incremental area under curve (0–95 min) (mmol min/l) 69.677.5a 84.577.7a 17.6
Incremental area under curve (0–120 min) (mmol min/l) 79.777.7a 95.778.6a 16.7

Serum insulin
Fasting value (pmol/l) 6275.5a 62710.7a

Incremental area under curve (0–95 min) (nmol min/l) 19.571.1a 22.372.0a 12.6
Incremental area under curve (0–120 min) (nmol min/l) 20.972.1a 22.372.1a 6.3

1Mean values7s.e.m., n ¼ 19. Mean values with different letters in each row are significantly different (ANOVA followed by Turkey’s test), Po0.05.
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after the two meals, although a reduction of 12.6% could be

observed for the first 95 min (Table 3).

Series 2

When muesli with 4 g b-glucans was served with the white

bread the glycaemic responses were significantly lower

during the first 70 min period, compared to the reference

meal without muesli (Po0.05, Figure 3). In the late-

postprandial phase, the glucose response after the reference

meal decreased faster than after the test meal with muesli;

and at 95 min the glucose response was significantly higher

after the test meal, compared to the reference meal (Po0.05,

Figure 3). The area under the glucose curve after the test meal

was significantly lower than after the reference (Po0.05,

Table 4).

The early postprandial insulin response (p45 min) was

significantly lower after the test meal with muesli compared

to the reference meal (Po0.05, Figure 4). The area under the
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Figure 2 Mean incremental serum insulin responses in healthy
subjects following ingestion of breakfast meals; a test meal with
wheat bread, yoghurt and muesli with oat bran flakes containing 3 g
of b-glucans (m) and a reference meal with white wheat bread,
yoghurt and muesli without oat bran flakes (’). Values with
different letters are significantly different (Po0.05).
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Figure 3 Mean incremental blood glucose responses in healthy
subjects following ingestion of breakfast meals; a test meal with
wheat bread, yoghurt and muesli with oat bran flakes containing 4 g
of b-glucans (m) and a reference meal with white wheat bread and
yoghurt without muesli (’). Values with different letters are
significantly different (Po0.05).

Table 4 Fasting values, postprandial glucose and insulin areas, series 21

Test meal Reference meal Reduction in postprandial area, % of reference meal

Blood glucose:
Fasting value (mmol/l) 4.570.1a 4.670.1a

Incremental area under curve (0–95 min) (mmol min/l) 63.079.5b,** 97.7713.3a,** 35.5
Incremental area under curve (0–120 min) (mmol min/l) 71.2711.1b,* 100.7713.5a* 29.3

Serum insulin:
Fasting value (pmol/l) 4877a 55712a

Incremental area under curve (0–95 min) (nmol min/l) 10.371.1a,*** 18.371.7b,*** 43.7
Incremental area under curve (0–120 min) (nmol min/l) 11.271.2a,** 19.371.9b,** 42.0

1Mean values7s.e.m., n ¼ 13. Mean values with different letters in each row are significantly different (ANOVA followed by Turkey’s test) *Po0.05, **Po0.01,

***Po0.001.
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Figure 4 Mean incremental serum insulin responses in healthy
subjects following ingestion of breakfast meals; a test meal with
wheat bread, yoghurt and muesli with oat bran flakes containing 4 g
of b-glucans (m) and a reference meal with white wheat bread and
yoghurt without muesli (’). Values with different letters are
significantly different (Po0.05).

Muesli with 4 g b-glucans improves glucose tolerance
Y Granfeldt et al

604

European Journal of Clinical Nutrition



insulin curve was significantly lower than after the reference

meal (Po0.05, Table 4).

Discussion

The muesli/yoghurt product containing 4 g of b-glucans

from oat bran in a serving significantly reduced glycaemic

and insulinaemic areas as well as levels at specific time points

after a bread meal, whereas 3 g of b-glucans did not reach

statistical significance regarding effects on metabolic re-

sponses although a tendency was seen to lower responses

even with this lower b-glucans level. The oat barn used in

series 1 and 2 was manufactured in the same way. The

reduction in postprandial area (0–90 min) (% of reference

meal) was doubled when 1 g more of b-glucans was present

in the muesli/yoghurt portion (17.6 and 35.5%, respectively

with 3 and 4 g b-glucans). Few previous studies have been

carried out with b-glucan–rich oat fractions on high-GI food

in healthy subjects. With oat gum (80% b-glucans) the

glucose response has been shown to decrease almost 60%

when 14.4 g was added to a glucose drink (50 g glucose)

(Braaten et al., 1991) or 40% when 11 g was added to a

wheat porridge (60 g of available starch) (Wood et al.,

1990). Compared to the present study, higher amounts of

b-glucans were used (12 and 9 g, respectively). In the present

study we seem to have found a critical level, 4 g of b-glucans,

for a significant decrease in glucose and insulin responses

after a 50 g carbohydrate portion, in healthy people. We

have previously shown that the naturally occurring levels

in commercially available oat breakfast products like por-

ridge or flaked cereals do not affect glucose and insulin

responses (Granfeldt et al., 1994, 1995b). Thus, both a

portion of oat flakes, and of oat porridge (50 g available

carbohydrates) containing approximately 2.5 g b-glucans

gave equally high glucose and insulin responses as white

wheat bread. Whereas a portion of barley porridge contain-

ing 6.8 g b-glucans made from barley genotypes with

elevated contents of b-glucans (17.5 g/100 g) significantly

decreased postprandial glycaemia (Liljeberg et al., 1996)

compared to white wheat bread. Reductions in postprandial

glucose have also been seen in diabetics. Tappy et al. (1996)

showed a decrease of 60% in glycaemic response after 35 g

carbohydrate load with 6 g b-glucans, and in a more recent

study by Jenkins et al. (2002) a reduction in glycaemic

response by 12, 27 and 31%, respectively were seen with 3.7,

6.2 and 7.3 g b-glucans. Thus, increasing the dose of

b-glucans successively reduced the glucose response, which

also was seen in the current study.

The mechanism for a lowering postprandial glycaemia

with b-glucans is probably related to an increased luminal

viscosity, leading to a prolongation of carbohydrate diges-

tion and absorption (Battilana et al., 2001). b-glucan is a

source of viscous dietary fibre that preferably is found in oat

and barley. However, in a recent study Biörklund et al. (2005)

found a decrease in postprandial glucose and insulin

response in hypercholesterolaemic subjects, after 5 g of

b-glucans from oats but not from the same amount of

b-glucans from barley. The authors hypothesized that both

the lower molecular weight and the lower solubility of the

barley b-glucans compared to oat b-glucans resulted in a

lower viscosity in the barley product, which probably

would influence the difference in glucose response between

the food products containing oat and barley b-glucans. Not

only is the origin of importance for the viscosity, a

degradation of b-glucans may occur during food processing.

Åman et al. (2004) showed an enzymatic degradation of

b-glucan during baking, although the mean molecular

weight of b-glucan in oats was retained in, for example, oat

flakes and oat porridge. Variation in raw materials, proces-

sing conditions or ingredients may modify the physico-

chemical properties of b-glucan-like viscosity, molecular

weight and solubility (Beer et al., 1997) and in this way

influences the physiological properties. To maintain the

functional nutritional attributes of b-glucan, it is important

that the processing of oat kernels to oat bran, with an

elevated concentration of b-glucan, does not damage the

polymeric b-glucan structure. These factors require careful

attention during processing, if b-glucan properties are to be

maintained or improved in the final food application until

consumption. Therefore, in vitro models should be used, for

the assessment of the physiological properties of viscous

dietary fibres.

Also long-term effects of b-glucans may improve glucose

metabolism. Thus, in a crossover study with moderately

hypercholesterolaemic men and women, a modest amount

of b-glucans (5–7.5 g) during 5 weeks was shown to have

beneficial effects on glucose and insulin responses after a

glucose challenge (Hallfrisch et al., 1995), suggesting benefits

on glucose tolerance. b-glucans are indigestible in the small

intestine but are fermented by bacteria in the colon. With

respect to glucose tolerance there is evidence in support of

mechanism involving colonic fermentation of indigestible

carbohydrates. Accordingly, in a recent overnight study

(Granfeldt et al., 2004) we showed that an evening meal

containing high levels of indigestible carbohydrates (resis-

tant starch and soluble dietary fibre) substantially reduced GI

and II of white bread determined at a subsequent breakfast

meal compared to an evening meal of white wheat bread.

Further, in a follow up study (Nilsson et al., 2006) the same

evening meal, boiled barley kernels, gave significantly lower

blood glucose response to a white wheat bread breakfast,

compared to evening meals with white wheat bread or

spaghetti with added wheat bran. A high fermentative

activity in the colon may increase the colonic production

of short-chain fatty acid including propionic acid, which has

been implemented as a moderator of hepatic glucose

metabolism (Venter et al., 1990).

The results of the present study show that a muesli/

yoghurt product containing 4 g of b-glucans reduces post-

prandial glucose and insulin levels to a mixed bread-based

breakfast.
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The present work further demonstrates that 4 g of b-

glucans from oats, with retained physicochemical properties,

seems to be a critical level for a significant decrease in

glucose and insulin responses, in healthy people. In general,

oat products available on the market do not contain

sufficient quantities of b-glucan to achieve appreciable

health effects of this type, which opens for tailoring and

production of new functional food products. However, as the

origin processing parameters and food matrix may influence

the physiological effects of the b-glucans, new low-GI

products need to be carefully evaluated for their physiolo-

gical effects before entering the market. This may have been

evaluated in this study with an in vitro approach considering

the physiological viscosity.
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Comparison of Glucose and Insulin Responses to Barley  
and Oats 
 
Hallfrisch, J.G., Schofield, D. J., Behall, K.M. – Diet and Human Performance Laboratory, BHNRC, ARS, 
USDA, Beltsville, MD, USA. 
 
 
The effect of concentrating soluble beta-glucan from oats and barley on glucose and 
insulin responses was investigated. Eleven women and 9 men (non-diabetic, averaging 
45 years old and a BMI of 25) were selected as subjects and completed the study. A 
controlled diet was consumed for 3 days. On day 3, fasting subjects consumed glucose 
(1g glucose/kg body weight) or oat bran, barley flour or oat extract (Oatrim) or barley 
extract (Nu-trim X)(0.67 glucose/kg body weight + 0.33 g other carbohydrate/kg body 
weight) in a Latin Square design. 
 
Glucose responses to oats, barley and both extracts were significantly lower than 
response to the glucose solution (P<0.0001). Areas under the curve for glucose were 
also lower for all foods than for glucose solution; other responses were intermediate. 
Barley and oat extracts retain the beneficial effects of the grains from which they were 
extracted. High soluble fiber barley may be more effective than standard oats in lowering 
glucose response. These and other carbohydratebased fat substitutes can provide a 
useful addition to menus to control plasma glucose responses. 
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Effect of dietary fiber intake on blood pressure: a 
randomized, double-blind, placebo-controlled trial 
He, Jiang; Streiffer, Richard H; Muntner, Paul; Krousel-Wood, Marie A; Whelton, Paul K 
 

Objective: To examine the effect of dietary fiber intake on blood pressure (BP). 

Design: Randomized, double-blind, placebo-controlled trial. 

Setting and participants: A total of 110 trial participants aged 30 to 65 years who 
had untreated, but higher than optimal BP or stage-1 hypertension were recruited from 
the community in New Orleans, Louisiana, USA. 

Interventions: Study participants were randomly assigned to receive 8 g/day of 
water-soluble fiber from oat bran or a control intervention. 

Main outcome measures: Nine BP measurements were obtained by trained observers 
using random-zero sphygmomanometers, over three clinical visits, at the baseline and 
termination visits of the trial. An average of the nine measurements was used to 
determine mean BP at the baseline and termination visits. 

Results: The net changes [95% confidence interval, (CI)] in systolic blood pressure 
were -1.8 mmHg (-4.3 to 0.8, P = 0.17) following 12 weeks, -2.2 mmHg (-5.3 to 1.0, 
P = 0.18) following 6 weeks, and -2.0 mmHg (-4.4 to 0.3, P = 0.09) for an average of 
the 6- and 12-week visits. The corresponding net changes (95% CI) in diastolic blood 
pressure were -1.2 mmHg (-3.0 to 0.5, P = 0.17) following 12 weeks, -0.8 mmHg (-
3.1 to 1.4, P = 0.47) following 6 weeks, and -1.0 mmHg (-2.6 to 0.5, P = 0.19) for an 
average of the 6- and 12-week visits. 

Conclusions: Our findings suggest that a diet rich in fiber may have a moderate BP-
lowering effect and indicate the need for further investigation of this important 
question.  
 



Assessment of the longer-term effects of a dietary portfolio of
cholesterol-lowering foods in hypercholesterolemia1–3

David JA Jenkins, Cyril WC Kendall, Dorothea A Faulkner, Tri Nguyen, Thomas Kemp, Augustine Marchie,
Julia MW Wong, Russell de Souza, Azadeh Emam, Edward Vidgen, Elke A Trautwein, Karen G Lapsley,
Candice Holmes, Robert G Josse, Lawrence A Leiter, Philip W Connelly, and William Singer

ABSTRACT
Background: Cholesterol-lowering foods may be more effective
when consumed as combinations rather than as single foods.
Objectives: Our aims were to determine the effectiveness of con-
suming a combination of cholesterol-lowering foods (dietary port-
folio) under real-world conditions and to compare these results with
published data from the same participants who had undergone 4-wk
metabolic studies to compare the same dietary portfolio with the
effects of a statin.
Design: For 12 mo, 66 hyperlipidemic participants were prescribed
diets high in plant sterols (1.0 g/1000 kcal), soy protein (22.5 g/1000
kcal), viscous fibers (10 g/1000 kcal), and almonds (23 g/1000 kcal).
Fifty-five participants completed the 1-y study. The 1-y data were
also compared with published results on 29 of the participants who
had also undergone separate 1-mo metabolic trials of a diet and a
statin.
Results: At 3 mo and 1 y, mean (�SE) LDL-cholesterol reductions
appeared stable at 14.0 � 1.6% (P � 0.001) and 12.8 � 2.0% (P �
0.001), respectively (n � 66). These reductions were less than those
observed after the 1-mo metabolic diet and statin trials. Neverthe-
less, 31.8% of the participants (n � 21 of 66) had LDL-cholesterol
reductions of �20% at 1 y (x� � SE: �29.7 � 1.6%). The LDL-
cholesterol reductions in this group were not significantly different
from those seen after their respective metabolically controlled port-
folio or statin treatments. A correlation was found between total
dietary adherence and LDL-cholesterol change (r � �0.42, P �
0.001). Only 2 of the 26 participants with �55% compliance
achieved LDL-cholesterol reductions �20% at 1 y.
Conclusions: More than 30% of motivated participants who ate the
dietary portfolio of cholesterol-lowering foods under real-world
conditions were able to lower LDL-cholesterol concentrations
�20%, which was not significantly different from their response to
a first-generation statin taken under metabolically controlled
conditions. Am J Clin Nutr 2006;83:582–91.

KEY WORDS National Cholesterol Education Program diet,
blood lipids, almonds, soy protein, viscous dietary fiber, plant ste-
rols, low saturated fat, treatment goals

INTRODUCTION

New dietary strategies may have similar efficacy to first gen-
eration statins in reducing LDL-cholesterol concentrations (1–
3), but the effectiveness of these approaches has not been tested

under real-world conditions. Both drugs and diet have been
shown to be effective in reducing cardiovascular disease risk and
mortality (4–10). However, the ease of application, the consis-
tency and magnitude in LDL-cholesterol reduction achieved, and
the clinical benefits associated with statins in large randomized
controlled trials have made diet less of a focus even in primary
prevention (11). To increase the relevance of dietary advice for
the primary prevention of cardiovascular disease, the National
Cholesterol Education Program Adult Treatment Panel III (ATP
III) (12) and the American Heart Association (13, 14) have rec-
ommended the use of functional foods or foods high in compo-
nents that reduce cholesterol as additional options to enhance the
effectiveness of cholesterol-lowering diets. These functional in-
gredients include viscous fibers, soy protein, plant sterols, and
nuts. The US Food and Drug Administration now allows foods
with these components to carry a health claim indicating that they
reduce the risk of cardiovascular disease (15–19). In a series of
metabolically controlled studies, we assessed the efficacy of
these cholesterol-lowering components when combined in the
same diet (1–3). Our aim was to determine whether predicted
reductions in LDL cholesterol of 30% could be achieved by diet.
The data indicated that 28–35% reductions in LDL cholesterol
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were possible (1–3). However, the question of whether this ap-
proach had any application in the real world remained. This issue
is particularly important because, on the basis of emerging clin-
ical trial evidence, guidelines for cholesterol control in clinical
practice have encouraged the achievement of progressively
lower cholesterol concentrations (20).

We therefore studied a group of 66 hyperlipidemic persons
under real-world conditions over a 1-y period who were in-
structed on a self-selected dietary portfolio of cholesterol-
lowering foods. Twenty-nine of these persons had completed �2
phases of a previous metabolic study that compared the effect of
the dietary portfolio with those of a statin (20 mg lovastatin) (2,
21). We included the published data (2, 21) from the 4-wk met-
abolic studies on these 29 participants for comparison with their
LDL-cholesterol reductions on the 1-y ad libitum study, in which
the participants had to obtain their own food. Use of these data
also allowed for a comparison between the effects of the ad
libitum diet and the effects of a statin.

SUBJECTS AND METHODS

Participants

Sixty-six hyperlipidemic participants, 31 men and 35 post-
menopausal women, were recruited to start the 1-y study. The
participants had a mean (�SE) age of 59.3 � 1.1 y (range:
32–86y), body mass index (in kg/m2) of 27.3 � 0.4 (range:
19.1–36.8), and an LDL-cholesterol concentration of 4.48 �
0.09 mmol/L (range: 3.25–6.75 mmol/L). The participants were
recruited through 2 series of newspaper advertisements. Twenty-
nine of the 66 participants had previously completed the statin
and portfolio phases of a metabolic study; both phases had a 1-mo
duration. Data on that study have been published elsewhere (2,
21). The participants’ baseline characteristics are shown in Ta-
ble 1. The first cohort of participants (n � 55) were recruited for
1-mo metabolic trials of portfolio, statin, and control diets; 29
participants completed at least a statin and metabolic portfolio
phase and were among the 35 persons of the cohort of the study
who proceeded to the long term (1-y) portfolio study (Figure 1).
The participants in the second cohort (n � 62) were recruited
directly for the long-term portfolio study; this recruitment con-
tributed 31 persons, and thus a total of 66 persons were included
in the 1-y portfolio study (Figure 1). All participants had high

LDL-cholesterol concentrations (�4.1 mmol/L) (12). The par-
ticipants had no history of cardiovascular disease, diabetes, or
renal or liver disease. At recruitment, 4 participants had untreated
hypertension [blood pressure �140 (systolic)/90 (diastolic) mm
Hg], 2 of whom showed blood pressure reductions below 140
(systolic)/90 (diastolic) mm Hg during the study without medi-
cation. Except for 8 women and 1 man who were taking stable
doses of thyroxine and had normal thyroid stimulating hormone
concentrations and 1 woman who was also taking a stable dose of
estrogen replacement therapy, no participants were taking med-
ications known to influence serum lipids. Twenty-three partici-
pants had been prescribed cholesterol-lowering medications as
part of their usual care, but discontinued their use �2 wk before
the start of the treatment period. Eight participants were taking
antihypertensive medications at a constant dose before and dur-
ing the study, 4 participants changed medications during the
study, and 1 started taking antihypertensive medication at week
12. The Ethics Committees of the University of Toronto, St.
Michael’s Hospital, the Drug Directorate of Health Canada, and
the Natural Health Products Directorate of Health Canada ap-
proved the study. Written informed consent was obtained from
the participants.

Study protocol

The intervention was a single phase 1-y open label study of a
self-selected (ad libitum) dietary portfolio of cholesterol-
lowering foods. All participants were instructed to follow a low-
saturated-fat (�7% of energy intake), low-cholesterol (�200
mg/d) diet for 2 mo before commencing the 1-y study. During the
1-y study, the participants were seen at weeks 0, 2, 4, 8, 12, 24,
32, 42, and 52. Between the 4th and 5th months, the participants
were also recalled at random to obtain a blood sample with only
2 d notice (to prevent dietary preparation). For one-half of the
participants, the sample was obtained in the post-Christmas pe-
riod because we reasoned that this sample would provide the
worst-case scenario (in terms of lipid-lowering effects) that may
occur after the diet was prescribed. Body weights were checked
and blood samples were obtained at each visit after the partici-
pants had fasted overnight for 12 h. Blood pressure was measured
twice at each visit in the participants’ nondominant arm by the
same observer with the use of a mercury sphygmomanometer.
Seven-day diet records were obtained for the week before the
clinic visit and checked by the dietitian. The records were dis-
cussed with the dietitian and suggestions were made to enhance
compliance. The previous week’s exercise was also recorded,
and the dietitian encouraged the participant to hold this constant
over the prestudy and study periods. Compliance was assessed
from the 7-d diet records. Previously published LDL-cholesterol
data from the metabolic study in which 29 of the present study
participants completed the metabolic portfolio and statin phases
(2, 21) are also presented here for comparative purposes.

Diets

Before the study, the participants ate their routine therapeutic
low-fat diets with mean macronutrient profiles that were close to
the current ATP III guidelines (�7% energy from saturated fat
and �200 mg dietary cholesterol/d; 12) (Table 2). The dietary
advice for the 1-y study was based on the consumption goals for
the same 4 dietary components that had been emphasized in
previous metabolic dietary portfolio studies (1–3). Foods were

TABLE 1
Baseline characteristics of first and second recruitment cohorts1

Cohort 1
(n � 35)

Cohort 2
(n � 31) P2

Age (y) 59.8 � 1.5 58.6 � 1.8 0.616
Weight (kg) 77.2 � 2.2 72.6 � 2.2 0.148
BMI (kg/m2) 28.0 � 0.6 26.4 � 0.5 0.044
Total cholesterol (mmol/L) 6.67 � 0.13 6.85 � 0.15 0.358
LDL cholesterol (mmol/L) 4.35 � 0.11 4.63 � 0.15 0.125
HDL cholesterol (mmol/L) 1.22 � 0.05 1.25 � 0.07 0.797
Triacylglycerols (mmol/L) 2.42 � 0.22 2.14 � 0.16 0.328
Systolic blood pressure (mm Hg) 123 � 2 121 � 3 0.618
Diastolic blood pressure (mm Hg) 75 � 1 74 � 1 0.569

1 All values are x� � SE. To convert cholesterol and triacylglycerols to
mg/dL, multiply by 38.67 and 88.57, respectively.

2 Difference between the cohorts was assessed by two-sample t test.
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bought by participants from supermarkets and health food stores
with the exception of bread, which was obtained at cost from the
baker (Natural Temptations, Burlington, Canada), and the mar-
garine, which was unobtainable in Canada and was provided to

all but 4 participants. In addition to their ongoing low-fat diet, the
participants were instructed to consume the following 4 primary
components of the dietary portfolio: 1.0 g plant sterols/1000 kcal
from a plant sterol ester–enriched margarine; �10 g viscous

FIGURE 1. Flow diagram showing the progress of the participants through the trial. BP, blood pressure; NHP, Natural Health Products; DVT, deep vein
thrombosis.
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fibers/1000 kcal from oats, barley, psyllium, okra, and eggplant;
22.5 g soy protein/1000 kcal from soy milk and soy meat ana-
logues; and 23 g whole almonds/1000 kcal. All these 4 diet
components have been advocated because of their ability to
lower serum cholesterol (15–19). The participants were also
instructed to consume additional sources of plant protein and
fiber in the form of dried legumes and to eat the recommended
5–10 daily servings of fruit and vegetables (Table 3). Advice on
eating a vegetarian diet without the use of dairy foods, eggs, or
meat was given to the participants. If egg products were used,
they were to consist of egg substitute and liquid egg whites. If
meat or dairy foods were consumed, we emphasized restricting
the amount consumed and selecting low-saturated-fat options to
maintain a low-saturated-fat and low cholesterol dietary intake
(Table 3). The importance of plant food based diets, which are
high in fiber, vegetable proteins, and unsaturated fats, was
stressed because the advantages of these diets in LDL-
cholesterol management have been shown (22–24). This dietary
portfolio has been previously described in detail (1–3). Self-
taring electronic scales (Salter Housewares, Kent, England) were
provided to all participants. They were asked to weigh and record
all food items consumed in the week before the clinic visits.

Compliance with the self-selected dietary portfolio was as-
sessed from the completed 7-d food records. These diet records
were reviewed by the dietitian at each visit. Consumption of the
4 primary components of the diet, ie, soy protein foods, viscous
fibers, almonds, and plant sterol margarine, were estimated from
the food records and expressed as a percentage of the amount
recommended for that person’s energy requirement. If a person
felt unable to consume the full amount of one component, an
attempt was made to ensure that increased amounts of the other
3 components were consumed. Other aspects of the diet, includ-
ing meat, dairy, fruit, and vegetable consumption, were also
assessed and, where needed, advice was given (Table 3), but
these dietary components did not contribute to the reported com-
pliance score.

In the previously published metabolic dietary portfolio study,
in which 29 of the present participants participated, foods were
provided to achieve the same goals as those described for the
present 1-y self-selected dietary portfolio (2, 21). For the statin
phase of that study, a very-low-fat-dairy and high whole-grain
cereal metabolic diet was used together with 20 mg lovastatin
taken in the evening. The diet on the statin treatment had a similar
macronutrient profile to the dietary portfolio, but lacked the
specific cholesterol-lowering components (2, 21) (Table 2).

Analyses

Serum was analyzed for total cholesterol, triacylglycerol, and
HDL cholesterol according to the Lipid Research Clinics proto-
col (25), after dextran sulfate-magnesium chloride precipitation
(26). LDL cholesterol was calculated in mmol/L by the method
of Friedewald et al [LDL cholesterol � total cholesterol –(tria-
cylglycerols/2.2 	 HDL cholesterol)](27). Diets were analyzed
for macronutrients, fatty acids, cholesterol, and fiber with the use
of a computer program based on US Department of Agriculture
data (1).

Statistical analysis

The results are expressed as means � SEs. Unless otherwise
stated, an intent-to-treat with last-observation-carried-forward
analysis was performed for those participants who did not com-
plete the study. All statistical tests were performed at the P �
0.05 significance level. The effect of change over time from
baseline was assessed with the use of a generalized linear mixed
model, with spatial power covariance to adjust for unequal sam-
pling periods (weeks 2, 4, 8, 12, 18, 24, 32, 42, and 52). The
repeated-measures analysis had percentage change from week 0
as the response variable and week as the covariate predictor, with
participant ID as the sole class variable (SUBJECT option in
REPEATED statement). An analysis was also carried out with
the use of only the 55 participants who completed the 1-y study.

TABLE 2
Nutritional profiles of the ad libitum dietary portfolio at weeks 0, 12, 24, and 52 of the 55 participants who completed the 1-y study1

Preportfolio (week 0)
(n � 54)

Portfolio

Week 12
(n � 53)

Week 24
(n � 55)

Week 52
(n � 51)

Energy (kcal/d) 1579 � 66 1763 � 73 1744 � 69 1675 � 64
Total protein (% of energy) 18.9 � 0.5 19.5 � 0.4 19.4 � 0.5 20.0 � 0.4
Vegetable protein (% of energy) 7.7 � 0.3 15.4 � 0.5 14.9 � 0.7 14.4 � 0.7
Animal protein (% of energy)2 11.2 � 0.6 4.1 � 0.3 4.5 � 0.4 5.6 � 0.5
Available carbohydrates (% of energy) 54.6 � 1.0 48.3 � 0.9 48.3 � 0.8 48.9 � 0.8
Total dietary fiber (g/1000 kcal) 17.8 � 0.9 26.0 � 0.8 27.7 � 1.1 26.1 � 1.1
Total fat (% of energy) 25.2 � 0.9 31.2 � 0.8 31.2 � 0.8 29.8 � 0.7
SFA (% of energy) 6.8 � 0.4 5.8 � 0.2 6.0 � 0.2 5.9 � 0.2
MUFA (% of energy) 10.1 � 0.5 13.9 � 0.4 13.8 � 0.5 12.8 � 0.4
PUFA (% of energy) 5.6 � 0.3 10.0 � 0.4 9.5 � 0.3 9.2 � 0.3
Dietary cholesterol (mg/1000 kcal) 89.5 � 7.2 43.4 � 5.2 43.3 � 4.2 51.7 � 6.5
Alcohol (% of energy) 1.3 � 0.3 0.8 � 0.2 0.9 � 0.2 1.3 � 0.4

1 All values are x� � SEM. SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid. All values reported as a
percentage of energy, except for percentage energy derived from protein and alcohol and total energy at 52 wk, were significantly different from their respective
baseline values, P � 0.05 (ANOVA with Tukey adjustment).

2 A significant increase in the percentage animal protein consumed was seen between weeks 12 and 52, P � 0.007 (repeated-measures ANOVA with spatial
power covariance) (28).
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For multiple pair-wise comparisons between the self-selected,
metabolic portfolio, and statin treatments, the significance of the
differences in percentage reduction from baseline was assessed
by least-squares means (28) with Tukey-Kramer adjustment. An
analysis of variance (ANOVA) F test was performed to assess the
effect of potential confounders, including sex and recruitment
cohort, on LDL-cholesterol change. Because no potential con-
founders were found, these variables were excluded from further
model specifications. In the least-squares means assessment, the
model had percentage change from baseline to week 4 as the
response variable with treatment (diet; 3 levels) and with partic-
ipant ID as the random effect, which indicated the crossover
aspect of the experimental design. The participants were also
divided into groups 1, 2, and 3, which were defined on the basis
of their LDL-cholesterol reductions from baseline to 52 wk (ie,
group 1, �20%; group 2, 10–20%; and group 3, �10%). These
groupings were selected to represent the following: 1) the �10%
LDL-cholesterol reductions that may be seen after fiber supple-
mentation or the use of low-saturated-fat and low-cholesterol
diets (1–3, 9, 24, 29, 30); 2) the 10–20% LDL-cholesterol re-
ductions that may be observed at the high end of the range for
highly effective dietary cholesterol reductions and the minimum
reduction considered therapeutically significant in the prestatin
and early statin periods (8, 31–33); and 3) the �20% LDL-
cholesterol reduction that is typical of the effect seen in most of
the large statin trials (20, 34).

For a comparison of mean LDL-cholesterol changes be-
tween participant groups 1, 2, and 3 at week 4 on the self-
selected portfolio, metabolic portfolio, and statin treatments,
Tukey’s test was used after establishment of a significant F
value by ANOVA (28). The possibility of 2- and 3-way in-
teractions between the cholesterol groups (based on the LDL-
cholesterol response at 52 wk), the treatment (ad libitum port-
folio, metabolic portfolio, and statin), and time at weeks 2 and
4 was tested by ANOVA (Proc GLM) (28). None of the in-
teractions were significant.

Linear associations between mean LDL-cholesterol reduction
and mean compliance measures were tested by using Pearson’s
correlation. Compliance was assessed for the 4 portfolio compo-
nents (soyprotein,plant sterols, viscous fibers, andalmonds),where
the prescribed amount represented 100%. Total compliance was the
sum of the 4 individual compliances given equal weighting.

RESULTS

Compliance was satisfactory for almonds (x� � SE: 78.8 � 3.2%)
and for the plant sterol–enriched margarine (67.1 � 3.2%), whereas
it was less adequate for viscous fiber (55.1 � 2.9%) and for soy
protein (51.0 � 3.0%). At 1 y, only 2 participants were following
a vegan (no animal product) diet and 5 were following a lacto-
ovo-vegetarian diet. The remaining participants were following

TABLE 3
Foods recommended and not recommended as part of the ad libitum dietary portfolio

Food group (recommended quantity) No. of servings Examples of servings Types of foods

Viscous fiber (15–20 g/d; 10 g/1000 3/1000 kcal (3 g/serving) 40 g dry oat bran Oat bran, oat meal, rolled oats,
kcal)1 75 g oat bran specialty bread oat bran breads, barley,

38 g dry barley psyllium containing cereals,
3.5 g psyllium okra, eggplant

(1 g/serving) 75 g okra (frozen)
180 g eggplant (raw)

Soy protein (22.5 g/1000 kcal)1 3.5/1000 kcal (6.25
g/serving)

260 g “lite” soy beverage or
250 g fortified soy
beverage

Soy beverage, tofu, soy meat
analogues, soy cheese slices

40 g extra firm low-fat tofu
62 g soy deli slices
85 g soy burgers
48 g soy hot dogs

Other vegetable proteins (6–8 g/1000
kcal)

0.5/1000 kcal (8–16
g/serving)

100 g cooked beans, lentils,
or chick peas

Black, kidney, or white beans;
yellow, red, green lentils;

1 cup of instant lentil soup
or instant vegetarian chili

split peas, black-eyed peas

Plant sterols (1 g/1000 kcal)1 2.5/1000 kcal (0.4
g/serving)

5 g plant sterol margarine Flora Pro-activ, Take Control2

Nuts: almonds (23 g/1000 kcal)1 0.8/1000 kcal (28 g/serving) 28 g almonds Almonds
Fruit and vegetables (2.5–5 servings/ 2.5–5/1000 kcal 100–120 g fruit No restrictions

1000 kcal) 80 g cooked vegetables
85 g leafy vegetables

High monounsaturated fatty acid oils
and margarines (11 g/1000 kcal)

2/1000 kcal (5 g/serving) 5 g margarine or oil Olive, canola oil; plant sterol
lite margarine

Sweets 2/1000 kcal (10 g/serving) 10 g strawberry jam Sugar, double fruit jam
Fat-free or low-fat dairy foods 0 or �2/wk 250 g milk, 175 g yogurt,

42 g cheese
Skim milk, low-fat yogurt,

low-fat or fat-free cheese, or
cottage cheese

Egg whites and egg substitute 0 or �3 whole egg
equivalent per wk

50 g egg white or egg
substitute

Egg white, egg substitute, egg
replacements

Poultry, fish, and red meats 0 or �3/wk 85 g cooked poultry, 95 g
cooked fish, or 85 g
cooked meat

White poultry meat, no skin;
any fish; lean or extra lean
red meats

1 Primary components of the dietary portfolio.
2 Flora Pro-activ (Unilever UK, Purflect, United Kingdom); Take Control (Unilever NA, Englewood Cliffs, NJ).
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an omnivorous diet. For those participants who completed the
study, although total protein remained similar to prestudy values
(18.9 � 0.5% of energy at prestudy compared with 20.0 � 0.4%
at 1 y), animal protein intake as a percentage of total calories was
reduced from 11.2 � 0.6% to 5.6 � 0.5% (P � 0.001). Over the
1 y of the self-selected dietary portfolio, a small but statistically
significant weight loss was observed (�0.7 � 0.3 kg; n � 66;
P � 0.036).

Blood lipids

On the ad libitum portfolio, near-maximum reductions in LDL
cholesterol and the ratio of total to HDL cholesterol were seen at
12 wk, and these were sustained to 1 y. Thus, mean (�SE) LDL
cholesterol was reduced at 12 wk by 14.0 � 1.6% (P � 0.001)
and at 1 y by 12.8 � 2.0% (P � 0.001). LDL cholesterol signif-
icantly increased in the post-Christmas sample at week 18. The
absolute changes in blood lipids over the 1 y are presented in
Table 4. The reductions for the 55 participants who completed
the study were similar to those for the group as a whole at 12 wk
(LDL cholesterol: 16.1 � 1.4%, P � 0.001; total:HDL choles-
terol: 14.4 � 1.5%, P � 0.001) and at 1 y (LDL cholesterol:
14.6 � 2.1%, P � 0.001; total:HDL-cholesterol: 12.7 � 1.7%,
P � 0.001) (Figure 2). No significant difference in LDL-
cholesterol reduction was seen between the sexes or between the
2 recruitment cohorts. Significant time trends in total cholesterol
and HDL cholesterol were seen for changes from baseline, but
these trends were not reflected in the LDL cholesterol, total:HDL
cholesterol, LDL:HDL cholesterol, or triacylglycerol responses.

The participants on the ad libitum portfolio study were also
divided into 3 groups based on their 1-y LDL-cholesterol re-
sponse: those with LDL-cholesterol reductions from baseline
�20% (group 1), those with LDL-cholesterol reductions 10–
20% (group 2), and those with LDL-cholesterol reductions
�10% (group 3). At 1 y, 31.8% of the participants showed
LDL-cholesterol reductions �20% [group 1; n � 21 of 66; x�
(�SE) LDL-cholesterol reduction: 29.7 � 1.6%]. The respective
percentage of participants in groups 2 and 3 were 27.3% (n �
18 of 66; LDL-cholesterol reduction: 15.6 � 0.8%) and 40.9%
(n � 27 of 66; 2.2 � 2.0%). Similar results were obtained with
the analysis of the 55 participants who completed the study:
group 1 participants (LDL-cholesterol reduction: 30.3 �
1.6%) accounted for 34.6% of the total number of participants
(n � 19 of 55).

Compliance and change in LDL cholesterol

The mean LDL-cholesterol changes for the 2–52-wk period
were used to calculate the correlation with the respective means
of the total and individual compliance measures. Mean total

compliance over 1-y and LDL-cholesterol change were signifi-
cantly correlated (r � �0.42, P � 0.001; n � 65). Only 2 of the
26 participants who had a compliance �55% achieved an LDL-
cholesterol reduction at 1-y that was �20%. Associations be-
tween compliance with individual dietary components and the
change in LDL-cholesterol were also seen for consumption of
soy (r � �0.52, P � 0.001), fiber (r � �0.39, P � 0.001), and
almonds (r � �0.33, P � 0.008) (Table 5).

Comparison with metabolic portfolio and statin
treatments

To determine whether the participants who showed a less
adequate response on the self-selected portfolio diet (groups 2
and 3; ie, those with �20% reduction in LDL cholesterol) were
biologically poor responders under all circumstances, the effect
of the self-selected portfolio was compared with the published
data on 29 of the present participants who had previously under-
taken metabolic portfolio and statin diets (2, 21). No significant
differences between the mean 1-y LDL-cholesterol reductions
on the self-selected portfolio and the LDL-cholesterol reductions
on the metabolic portfolio and statin treatments were seen for the
group 1 participants (Figure 3). However, for the participants in
groups 2 and 3, the LDL-cholesterol reductions at 1 y on the
self-selected portfolio diet were significantly less (P � 0.007)
than their responses on the metabolic portfolio and statin treat-
ments (Figure 3). In contrast, no significant differences in LDL-
cholesterol reduction were seen between groups 1, 2, and 3 for
either the metabolic portfolio or statin treatments. These data
indicate that the differences in LDL-cholesterol responses be-
tween groups 1, 2, and 3 were seen only on the ad libitum study
and provide no support for the concept that participants in groups
2 and 3 were biologically poor responders, but rather that com-
pliance was likely to be the issue.

DISCUSSION

Application of a diet that combined several cholesterol-
lowering foods under free-living real-world conditions resulted
in a mean LDL-cholesterol reduction of �13%, which was sus-
tained over a 1-y period. However, approximately one-third of
the participants had LDL-cholesterol reductions of �20%. Such
reductions approach the levels seen with the first generation
statins, which have been associated with a 25–35% sparing in
coronary heart disease mortality (5–6).

The diet also tended to raise HDL-cholesterol concentrations
and was associated with total:HDL cholesterol reductions of

TABLE 4
Blood lipid measurements at baseline and after 1 y of the ad libitum dietary portfolio study in 66 participants1

Total C LDL-C HDL-C Triacylglycerol Total:HDL-C LDL-C:HDL-C

Prestudy 6.75 � 0.10 4.48 � 0.09 1.24 � 0.04 2.29 � 0.14 5.76 � 0.16 3.82 � 0.12
1 y 6.05 � 0.11 3.87 � 0.10 1.28 � 0.05 1.98 � 0.11 5.03 � 0.16 3.23 � 0.12
Change �0.70 � 0.09 �0.61 � 0.09 0.04 � 0.02 �0.31 � 0.11 �0.73 � 0.10 �0.59 � 0.08
P2 � 0.0001 � 0.0001 0.0256 0.0051 � 0.0001 � 0.0001

1 All values are x� � SE. Total C, total cholesterol; LDL-C, LDL cholesterol; HDL-C, HDL cholesterol. A last-observation-carried-forward analysis was
performed for 11 participants for weeks 0 (n � 1), 2 (n � 1), 12 (n � 3), 24 (n � 2), 32 (n � 3), and 42 (n � 1).

2 Significance of change was determined with Student’s paired t test (2-tailed, PROC MEANS) (28).
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12.7% and with a small but significant reduction in serum triac-
ylglycerol concentrations. These lipid changes would also be
predicted to have a favorable effect on coronary heart disease
events (12, 35–38).

Larger LDL-cholesterol reductions were anticipated in per-
sons who, before starting the study, were consuming diets more
representative of the general population in terms of saturated
fatty acid and cholesterol intakes. Diets that conform to the cur-
rent ATP III criteria (�7% saturated fat/d and �200 mg choles-
terol/d) reduce LDL cholesterol by �18% compared with typical
North American diets with intakes of 14% saturated fat and 147
mg cholesterol/1000 kcal (31). Before commencing the present

FIGURE 2. Mean (�SE) percentage change from baseline in serum lipids in the 55 participants who completed the 52-wk study. Changes from baseline
were assessed by paired t test (two-tailed) with Bonferroni adjustment for 9 comparisons. Reductions at all time points were significant for LDL cholesterol
and the ratio of total to HDL cholesterol (P � 0.036 to �0.001). For HDL cholesterol, only the increase at week 32 was significant (P � 0.001); for
triacylglycerols, only the reduction at week 8 was significant (P � 0.028).

TABLE 5
Correlation between mean change in LDL cholesterol and mean dietary
adherence from weeks 2 to 521

r P n

Total compliance �0.42 0.0004 65
Fiber �0.39 0.0012 65
Almonds �0.33 0.0080 65
Plant sterols �0.20 0.1232 61
Soy �0.52 � 0.0001 65

1 Linear associations were determined between mean LDL-cholesterol
reduction and mean dietary adherence with the use of Pearson’s correlation
(PROC CORR) (28).
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study, our participants were already eating diets that conformed
to the current recommendations for saturated fat and cholesterol
intakes (6.9% saturated fat and 144 mg cholesterol/d).

The ad libitum LDL-cholesterol reduction of 13% was close to
the value predicted from metabolic data (39) and was within the
10–15% considered to be clinically meaningful by early statin
and prestatin drug criteria (32, 33). It was also greater than the
minimum 8–9% LDL-cholesterol reduction required to see a
reduction in all-cause mortality (40).

Viscous fiber, soy protein, plant sterols, and almonds are well-
recognized for their cholesterol-lowering properties (15–19, 29,
41–53). The potential bioactive components of almonds are
likely several (47) and may relate to their plant protein, mono-
unsaturated fat, and plant sterol contents (42–49). Few long-term
studies have assessed the effect of portfolio components. In the
few studies undertaken, LDL-cholesterol reductions for single
foods have ranged from 6% to 15% (54–57). No long-term stud-
ies have reported on combinations of these functional foods. One
recent 1-mo study assessed the effect of a vegetarian diet con-
taining the components used in the present study but at lower
levels and showed LDL-cholesterol reductions of �10%, al-
though the reduction in total:HDL-cholesterol did not reach sig-
nificance (24).

Furthermore, few studies have assessed the effect of functional
foods and food components taken with a diet that is very low in
saturated fat. A year long study of 2 g sterol/d supplemented in
margarine consumed with a diet relatively high (14%) in satu-
rated fat resulted in a 15% reduction in LDL-cholesterol (56), and
similar changes were reported in a meta-analysis of the effects of
both plant sterols and stanols (hydrogenated sterols) (42, 57). The
first major meta-analysis of the effect of soy protein also sug-
gested a 13% LDL-cholesterol reduction with a mean consump-
tion of 47g soy protein/d (35); another analysis suggested a more
modest effect (58). However, at very-low-saturated-fat levels,
the effects of soy protein may be attenuated (59) and the effects

of plant sterols may also be attenuated (60). When dietary satu-
rated fat levels are low, we believe 5% LDL-cholesterol reduc-
tions from each of the 4 portfolio components might be more
realistic (2).

We observed an increase in LDL cholesterol in the random
post-Christmas blood samples. Serum lipids are known to rise
during winter months (61). The post-Christmas sample, taken at
4.5 mo with �2 d notice, was specifically placed to assess the
worst-case scenario.

Genes may change the response to diet. Carriers of the
APOE*E4 allele may respond more favorably than noncarriers to
soy protein (62) and viscous fiber (30, 63), although not to plant
sterols (64). Abnormalities in the ABC G5-8 gene may change the
plant sterol effect on cholesterol absorption and plasma concen-
trations (65). However, genetic differences do not appear to
explain the large differences in response between the 3 groups of
persons on the ad libitum study; their responses to the metabolic
diet and to the statin were uniform.

The obvious answer to the dietary variability is poor dietary
compliance. Our self-reported data provide support for this as an
explanation, although our numbers are too small to come to more
than a qualified conclusion. No strong association existed be-
tween compliance and change in LDL cholesterol because of 2
persons who recorded extremes of good dietary compliance with
a relative lack of effect of diet on LDL cholesterol and who acted
as highly influential points in the correlation. Nevertheless, com-
pliance with single foods such as almonds and margarine (com-
pliance: 79% and 64%, respectively) may be easier to achieve
than compliance with more complex groups of foods such as
sources of viscous fiber and soy protein (compliance: 55% and
50%, respectively), despite their significant relation to LDL-
cholesterol reduction.

Intakes of the portfolio components that were less than those
prescribed in the current study were also shown to produce worth-
while serum lipid reductions (24). We believe that the combination

FIGURE 3. Mean (�SE) percentage change from baseline in LDL cholesterol in the 29 participants who underwent the 1-y ad libitum dietary portfolio and
the 1-mo metabolic dietary portfolio and statin treatment. The participants are divided into 3 groups on the basis of their 52-wk LDL-cholesterol reductions in
response to the ad libitum dietary portfolio (�20%, 10–20%, and �10%). No significant group 
 treatment 
 time interaction was seen over the 4-wk treatment
period (ANOVA) (28). No significant differences in response to either the metabolic dietary portfolio or the statin drug were seen between the 3 groups at week
4 (ANOVA with Tukey’s test). Only the LDL-cholesterol reductions at 52 wk in groups 2 and 3 were significantly different from the 4-wk metabolic values,
P � 0.05 (least-squares means with Tukey’s adjustment) (28).
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approach to dietary treatment may greatly enhance its effectiveness,
as was shown for combination drug therapy and is now accepted in
the dietary management of hypertension (66–69).

In conclusion, we showed that a significant proportion of mo-
tivated persons can achieve a sustained and clinically meaningful
reduction in LDL cholesterol of �20% by dietary means. As a
greater variety of soy-, viscous fiber–, plant sterol–, and almond-
containing foods become available, such diets will become easier
to follow. They will then provide an option for those who, due to
personal preference or, more rarely, due to side effects, may wish
to use diet rather than medications as the primary prevention to
control serum cholesterol concentrations. We believe that the
quest for options such as these will become increasingly impor-
tant as the optimal concentrations of LDL cholesterol are pro-
gressively reduced (20).
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Viscosity of Oat Bran-Enriched Beverages Influences 
Gastrointestinal Hormonal Responses in Healthy 
Humans1–3, 
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Viscous fibers, including β-glucan in oat bran, favorably affect satiety as well as 
postprandial carbohydrate and lipid metabolism. However, effects of fiber viscosity 
on modulation of satiety-related gut hormone responses are largely unknown. We 
examined the effects of modified oat bran, with or without its natural viscosity, on 
sensations of appetite and satiety-related gastrointestinal (GI) hormone responses to 
establish the relevance of viscosity of β-glucan in oat bran. Twenty healthy, normal-
weight participants (16 female, 4 male, aged 22.6 ± 0.7 y) ingested 2 isocaloric (1250 
kJ) 300-mL oat bran beverages with low or high viscosity (carbohydrates, 57.9 g; 
protein, 7.8 g; fat, 3.3 g; fiber, 10.2 g) after a 12-h fast in randomized order. Viscosity 
of the low-viscosity oat bran beverage was reduced by β-glucanase treatment. Blood 
samples were drawn before and 15, 30, 45, 60, 90, 120, and 180 min after beverage 
consumption. The oat bran beverage with low viscosity induced a greater postprandial 

increase in satiety (P = 0.048) and plasma glucose (P < 0.001), insulin (P = 0.008), 
cholecystokinin (P = 0.035), glucagon-like peptide 1 (P = 0.037), and peptide YY (P 
= 0.051) and a greater decrease in postprandial ghrelin (P = 0.009) than the beverage 

with high-viscosity oat bran. Gastric emptying as measured by paracetamol absorption 
was also faster (P = 0.034) after low-viscosity oat bran beverage consumption. In 
conclusion, viscosity differences in oat β-glucan in a liquid meal with identical 
chemical composition strongly influenced not only glucose and insulin responses, but 
also short-term gut hormone responses, implying the importance of food structure in 
the modulation of postprandial satiety-related physiology.  
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Barley, like oats, is a rich source of the soluble fibre b-glucan, which has been shown to significantly lower LDL-cholesterol (LDL-C). However,

barley foods have been less widely studied. Therefore, we evaluated the LDL-C-lowering effect of a concentrated barley b-glucan (BBG) extract

as a vehicle to deliver this potential health benefit of barley. In a 10-week blinded controlled study, subjects were randomized to one of four treat-

ment groups or control. Treatment groups included either high molecular weight (HMW) or low molecular weight (LMW) BBG at both 3 and 5 g

doses. Treatment was delivered twice per day with meals in the form of two functional food products: a ready-to-eat cereal and a reduced-calorie

fruit juice beverage. Levels of total cholesterol, LDL-C, HDL-cholesterol (HDL-C), and TAG were determined at baseline and after 6 weeks of

treatment. The study group comprised 155 subjects. All treatments were well tolerated and after 6 weeks of treatment the mean LDL-C levels fell

by 15% in the 5 g HMW group, 13% in the 5 g LMW group and 9% in both the 3 g/d groups, versus baseline. Similar results were observed for

total cholesterol. HDL-C levels were unchanged by treatment. Concentrated BBG significantly improves LDL-C and total cholesterol among mod-

erately dyslipidaemic subjects. Food products containing concentrated BBG should be considered an effective option for improving blood lipids.

Soluble fibre: Barley: LDL-cholesterol: CVD

CVD is the leading cause of morbidity and mortality for both
men and women in the USA with over 1·4 million deaths and
865 000 myocardial infarctions each year (American Heart
Association, 2005). The National Cholesterol Education Pro-
gram’s Adult Treatment Panel III (ATP III) has developed
guidelines for reducing the risk of CVD which strongly urge
lifestyle modification, including dietary changes, as the foun-
dation and initial intervention for persons at risk for CVD
(National Cholesterol Education Program, 2001). An import-
ant component of the lifestyle modification is a ‘heart-healthy’
diet, which specifically includes a recommendation for con-
sumption of at least 5–10 g viscous soluble fibre (VSF) per
day. As much as 10–25 g/d can provide additional LDL-low-
ering effects in some individuals. The current average intake
of VSF in the USA is well below that at about 3–4 g/d (Baz-
zano et al., 2003).
The ATP III guidelines emphasize attainment of a healthy

level of LDL-C as the primary goal in CVD risk reduction.
Clinical trials using VSF treatments have shown the potential
for a 10–15% reduction in LDL-C when it is added to
a ‘heart-healthy’ diet (Bell et al., 1990; Behall et al.,
2004a, b). VSF is found naturally in some grains, especially
oats and barley, in select fruits, such as apples, guava and

pears, and in most legumes (e.g. peas and pinto beans). It
can also be consumed as a dietary supplement (e.g. psyllium).
Despite recommendations for increased intakes of VSF in the
diet, most individuals do not meet the recommended levels
due, in part, to poor palatability of some fibres and the need
to consume a relatively large amount of naturally high-fibre
foods in order to achieve the desired level.

In an effort to increase consumption of VSF, concentrated
extracts of b-glucan VSF have been added to foods and
have been effective in modifying CVD risk (Behall et al.,
1997). Recently, a process has been developed for extracting
the b-glucan from barley to achieve a barley b-glucan
(BBG) concentrate with weight-average molecular weight in
the range of 50–400 kDa. This represents a reduction in mol-
ecular weight from native (high molecular weight (HMW))
BBG, with weight-average molecular weight of 1000 kDa.
This reduction in molecular weight improves BBG sensory
properties and performance in foods. Food scientists have suc-
cessfully incorporated it into foods (e.g. cereals, juices and
baked goods) to produce palatable food products which are
high in VSF.

The present paper reports the results of a clinical trial of
concentrated BBG extract in human subjects. The paper
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focuses on the blood lipid results of this intervention.
Additional manuscripts are in review or preparation that will
report results on insulin sensitivity, adipocytokines, and
other CVD risk factors. The aim of the present study was to
evaluate the efficacy of a diet augmented with food products
(cereal and juice beverage) that were enriched with BBG to
increase their VSF content. The study population included
subjects at moderate CVD risk who would be considered can-
didates for the ATP III therapeutic lifestyle changes. The pri-
mary variable of interest was the change in LDL-C using two
different doses (3 and 5 g) of both low molecular weight
(LMW) and HMW forms of BBG. Of particular interest was
the percentage of subjects who attained their personal risk-
adjusted LDL-C goal using this daily therapy.

Methods

Subjects

The study group comprised men (n ¼ 75) and women (n ¼ 80)
aged 25–73 years who met the National Cholesterol Education
Program ATP III criteria for diet therapy due to elevated LDL-
C.FromSeptember 2003 toOctober 2004, subjectswere recruited
from the University of Minnesota-Twin Cities and the greater
Twin Cities area. The study was approved by the University
of Minnesota Institutional Review Board, and all subjects
gave informed consent. Inclusion criteria were: LDL-C between
1300 and 1900 mg/l; TAG , 400 mg/l; fasting glucose , 1260
mg/l. Individuals were excluded if they had diabetes, cancer,
secondary hyperlipidaemia, CVD or other chronic medical con-
ditions; TAG . 4000mg/l; BMI $ 40; or a large or unexplained
weight change within the previous 6 months. In addition,
individuals were excluded if they were taking lipid-altering
medications or dietary supplements (2 months prior to screening)
which might affect blood lipids; consumed greater than two
alcoholic beverages per day on a regular basis; were allergic
to aspirin, grain products or any ingredients used in the
treatment foods; were following a special diet; or had smoked
within the past year. Pregnant and lactating women were also
excluded.

Study design

This randomized, double-blind, controlled, five-arm parallel
group trial consisted of a 4-week diet stabilization phase fol-
lowed by a 6-week treatment period. Individuals meeting all
inclusion criteria as determined at an initial screening visit
were eligible to enter diet stabilization (Fig. 1). These partici-
pants attended a group education class in which they were
given dietary instruction to consume a diet low in saturated
fat and trans-fats (,10% of kJ/d) and to discontinue any
lipid-altering dietary supplements. Participants who still
met all inclusion criteria after the diet period were randomly
allocated using a block randomization scheme to receive one
of five treatments: low-dose (3 g) LMW BBG, high-dose
(5 g) LMW BBG, low-dose HMW BBG, high-dose HMW
BBG or control. Subjects were instructed to continue follow-
ing the low saturated and trans-fat diet and to maintain other
lifestyle habits throughout the study. Subjects returned to the
clinic for evaluation of side-effects and compliance after 3
and 6 weeks of treatment. Blood pressure, blood lipids,

blood apo and other CVD risk markers were evaluated at base-
line and at the end of treatment.

Treatment

Two food products were chosen as vehicles to deliver the
BBG (Barlive barley b-glucan concentrate; Cargill Health
and Food Technologies, Wayzata, MN, USA): ready-to-eat
cornflakes breakfast cereal and a low-energy tropical juice
beverage containing 5% fruit juice. The foods were formu-
lated such that their nutritional profiles were consistent with
FDA heart health claim requirements. Prior to the study, an
informal screening exercise was conducted to confirm the sen-
sory acceptability of the treatment foods.

The cereal and juice were packaged in single-serving
packages (one cup of cereal or juice per serving) and subjects
received a 3-week supply of treatment at baseline and after 3
weeks of treatment. They were instructed to consume two
packages of juice beverage and one package of cereal with
meals each day (Table 1). Subjects were instructed to save
all used and unused cereal and juice containers. These were
collected and counted at weeks 3 and 6 as a measure of
compliance.

Clinical and laboratory measurements

All visits were conducted at the University of Minnesota Gen-
eral Clinical Research Center. At the screening visit a general
medical history was obtained; blood pressure, height and
weight were measured; and blood samples were collected to
assess fasting chemistry and lipid values. Fasting lipids and
lipoproteins were reassessed after the diet stabilization
period. Scheduled visits during the treatment period were at
baseline and weeks 3 and 6. At all treatment visits, blood
pressure and weight were measured and side-effects were
assessed. At baseline and week 6, blood was drawn to
assess total cholesterol, HDL-C, LDL-C, and TAG.

All blood draws and clinical measurements were per-
formed by University of Minnesota General Clinical
Research Center medical staff. Weight and height measure-
ments were obtained with subjects wearing indoor clothing
and no shoes. Blood pressure measurements were obtained
with an automatic Colinw blood pressure monitor (Press-
matew BP/8800C; Medical Instruments Corp., San Antonio,
TX) after subjects had rested in a seated position for at
least 5min. Measurements were repeated four times at
1min intervals, and the mean of the last three readings was
used in analyses. All blood samples were obtained using
standard venepuncture techniques after subjects had fasted
for 12 h. All laboratory analysis was done using standard
automated technology at the Quest Diagnosticsw Laboratory
(Wood Dale, IL) branch laboratory (certified and accredited
laboratory by the Clinical Laboratory Improvement Amend-
ment of 1988 and the College of American Pathologists) or
at the University of Minnesota. Specifically, total cholesterol,
LDL-C and TAG concentrations were determined using enzy-
matic methods with Olympus reagents, with automated spec-
trophotometry performed on Olympus AU5400w. HDL-C
was determined directly using Roche reagents on the Olym-
pus AU5400w.
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Dietary data were collected during the treatment period to
monitor diet compliance and consistency. Each subject
completed a 3 d food record during the first and last week of
treatment and returned them at weeks 3 and 6. Research
staff reviewed the records for completeness and clarity
during the study visits. Food records were analysed for
energy, macronutrient and micronutrient intake using Nutri-
tion Data System for Research software version 5·0_35
(NDS-R; Nutrition Coordinating Center, University of Minne-
sota, Minneapolis, MN, USA).
Study-related side-effects were assessed by a thirteen-ques-

tion side-effect questionnaire completed at baseline and sub-
sequent treatment visits. Participants were asked to check
the category that best represented their symptoms over the
last month at baseline or since their last study visit at each
subsequent visit. The categorical options for each symptom
were ‘Not at all’, ‘Somewhat’, ‘Moderately’, ‘Very much’
or ‘Extremely’. Frequency counts were used in the analyses
and were categorized in two ways: (1) dichotomized as
‘Any’ v. ‘No’ side-effects or (2) the top two categories were
collapsed and were used to indicate the presence of

side-effects. Analyses were conducted using both methods of
determining side-effects.

Statistical analysis

Differences in baseline demographic and clinical variables
among the treatment groups were compared using ANOVA
for continuous variables and the x2 test for categorical vari-
ables. The treatment effect was based on the measurement
and comparison of the mean levels of lipids and lipoproteins
among treatment groups using ANOVA. The GENMOD pro-
cedure of SAS version 8 (SAS Institute Inc., Cary, NC, USA)
was used to perform the analyses. In addition, a x2 test was
performed comparing all side-effect counts (frequencies) at
baseline, mid-study and post-study visits. Regression analysis
using a general linear model was used to determine the differ-
ences in side-effects over time and between the treatment
groups and the control group. Test of independent proportions
was used to compare the percentage of subjects who attained
their LDL-C goal in the treatment groups versus the control

Fig. 1. Flow diagram of study eligibility for concentrated barley b-glucan extract trial. HMW, high molecular weight; LMW, low molecular weight.
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group. Statistical significance adjustments were made using
Dunnett’s test for multiple comparisons.

Results

All baseline variables were similar among the treatment groups
(Tables 2 and 3). The mean age overall was 55 years (age range
25–73 years). The ratio of men to women was similar in each
treatment arm. The mean BMI between the groups was similar,
with each group being borderline obese by National Institutes of
Health and WHO standards. The proportion of subjects in each
group that had a positive family history of CHD (as defined by
the ATP III guidelines) was similar between the treatment
groups. Each treatment group was block stratified on metabolic
syndrome status resulting in an even distribution of metabolic
and non-metabolic syndrome subjects in each group.
Metabolic syndrome status was determined according to the
ATP III guidelines (elevated TAG, low HDL-C, elevated
blood pressure or blood pressure medication, elevated glucose
and/or elevated waist girth) and meeting at least three of the
five criteria. All study subjects were determined to be generally

healthy at baseline and without history of CHD; 38% had two or
more CHD risk factors while 62% had 0–1 CHD risk factors.
For all study participants the mean baseline levels for blood
lipids and lipoproteins were as follows (in mg/l): LDL-C, 1540
(range 1100–2200); total cholesterol, 2350 (range 1840–
3270); HDL-C, 500 (range 270–1040); TAG, 1600 (range
440–4680).

The mean changes in total cholesterol, LDL-C, TAG and
TC/HDL-C for the different treatment groups are shown in
Table 3. After 6 weeks of treatment, total cholesterol dropped
significantly in all treatment groups compared to
control. Specifically, total cholesterol was reduced by 12%
in the 5 g HMW group, a decrease that was slightly more
than the other treatment groups: 5 g LMW group, 11%
reduction; 3 g HMW group (2190mg/l), 8% reduction; 3 g
LMW group, 7% reduction. LDL-C levels were significantly
reduced from baseline in all treatment groups compared to
control. The 5 g HMW group experienced a 15% drop in
LDL-C where LDL-C was reduced by 13% in the 5 g LMW
group, 9% in the 3 g HMW group and 9% in the 3 g LMW
group.

Table 1. Treatment schedule by group

Juice† Cereal‡

Treatment group Servings consumed
BBG

consumed (g) Servings consumed
BBG

consumed (g)
Total BBG
consumed (g)

Control (0 BBG/d) Two cups/d at 0 g BBG/serving 0 One cup/d at 0 g
BBG/serving

0 0

High dose HMW
(5 g HMW BBG/d)

Two cups/d at 1·0 g BBG/serving 2·0 One cup/d at 3·0 g
BBG/serving

3·0 5·0

High dose LMW
(5 g LMW BBG/d)

Two cups/d at 1·0 g BBG/serving 2·0 One cup/d at 3·0 g
BBG/serving

3·0 5·0

Low dose HMW
(3 g HMW BBG/d)

Two cups/d at 0·75 g BBG/serving 1·5 One cup/d at 1·5 g
BBG/serving

1·5 3·0

Low dose LMW
(3 g LMW BBG/d)

Two cups/d at 0·75 g BBG/serving 1·5 One cup/d at 1·5 g
BBG/serving

1·5 3·0

BBG, barley b-glucan; HMW, high molecular weight; LMW, low molecular weight.
† Subjects consumed two juice drinks per day: one with breakfast and the other with their largest meal.
‡ Subjects consumed one cereal per day as part of their breakfast and in lieu of their usual cereal.

Table 2. Subject characteristics at baseline by treatment group and overall totals†

Control
(n ¼ 30)

5 g, HMW
(n ¼ 32)

5 g, LMW
(n ¼ 30)

3 g, MW
(n ¼ 32)

3 g, LMW
(n ¼ 31)

Total
(n ¼ 155)

Variable Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Age 53·7 12·5 58·6 10·6 52·8 11·9 53·9 10·2 55 10·1 54·8 11·1
BMI 30·8 4·0 28·9 6·7 28·9 5·3 29·6 5·9 28·1 4·3 28·8 5·3
Body weight (kg) 82·8 15·1 81·7 19·8 80·7 16·8 86·4 19·4 80·7 14·9 82·5 17·2

n % n % n % n % n % n %

CHD family history 6 20 11 34·4 9 30 10 31·3 9 29 45 29
Metabolic syndrome‡ 15 50 15 46·9 15 50 16 50 15 48·4 76 49
Gender

Male 17 56·7 15 46·9 11 36·7 16 50·0 16 51·6 75 48·4
Female 13 43·3 17 53·1 19 63·3 16 50·0 15 48·4 80 51·6

Race
Caucasian 30 100 29 90·6 28 93·3 30 93·8 29 93·5 146 94·2

HMW, high molecular weight; LMW, low molecular weight.
† For details of treatment groups, see Table 1. x2 tests of association between groups were performed for gender and ANOVA. F tests were performed for age and BMI.

P values were not significant (P.0·09).
‡ Each group was block stratified on metabolic syndrome status as defined by the National Cholesterol Education Program’s Adult Treatment Panel III guidelines.
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Fasted TAG levels were reduced from baseline in all treat-
ment groups except the 3 g HMW group (Table 3), while the
control group experienced a modest increase. However, after
adjusting for multiple comparisons only the 5 g HMW group
experienced a significant drop in TAG levels compared
to control. Fasted TAG level was reduced by 16% in
the 5 g HMW group. There were no significant changes
from baseline in any of the treatment groups regarding
HDL-C.
Table 3 shows the decrease in the total cholesterol/HDL-C

ratio in all the treatment groups at the final study visit. The
ratio of total cholesterol/HDL-C was significantly changed
by treatment in all the treatment groups except the 3 g
HMW group. The 5 g HMW group experienced a 15% drop
in the total cholesterol/HDL-C ratio while this ratio was
reduced by 10% in the 5 g LMW group and 9% in the 3 g
LMW group. The 3 g HMW group also experienced a
reduction in the total cholesterol/HDL-C ratio from baseline
but this change was not significantly different from the control
group after adjusting for multiple comparisons.
Diet was unchanged throughout the study in both the treat-

ment groups and the control group. All treatment groups (but
not the control group) attained the ATP III guidelines goal
of $10 g VSF/d when the dose of the treatment fibre was

added to the background dietary soluble fibre intake. Body
weight was unchanged over the duration of the study in all
study groups.

The treatment was well tolerated by most subjects, with
excellent compliance (average treatment compliance by
group: control, 96%; 5 g HMW, 95%; 5 g LMW, 97%; 3 g
HMW, 94%; 3 g LMW, 97%). The fact that there were no
study dropouts further indicates the tolerability of the study
treatments. Moreover, adverse events were monitored at all
study visits and none were reported. Treatment-related side-
effects were also assessed at each study visit. There were no
differences in the frequency of side-effects at baseline
between any of the study treatment groups or the control
group. Additionally, there was no change in the frequency
of side-effects from baseline to the mid-study visit or to the
final study visit in any of the treatment groups when compared
to the control group except for the frequency of intestinal gas.
In all groups except the control group the frequency of intes-
tinal gas increased over the first 3 weeks of the study and per-
sisted over the final 3 weeks of treatment. However, the
change in frequency of intestinal gas only reached statistical
significance in the 5 g HMW group (at week 3 and week 6
of treatment) when all treatment groups were compared to
the control group (P,0·05).

Table 3. Blood lipids results at baseline (Pre) and after 6 weeks of treatment (Post) by treatment group†

Control (n ¼ 30) 5 g, HMW (n ¼ 32) 5 g, LMW (n ¼ 30) 3 g, HMW (n ¼ 32) 3 g, LMW (n ¼ 31)

Variable Mean SD Mean SD Mean SD Mean SD Mean SD

TC
Pre 234·0 22·7 235·1 25·3 238·0 27·6 233·6 22·8 235·9 23·0
Post 231·3a 26·9 205·9*b 25·1 211·6*b 20·2 214·5*b 21·6 218·8*b 20·1

TAG
Pre 153·9 75·4 158·3 79·2 166·7 91·7 164·7 88·7 154·9 61·7
Post 158·8a 64·7 133·7*b 47·4 145·7*a 62·7 152·5a 55·8 142·2*a 49·2

HDL-C
Pre 50·5 14·4 50·8 14·2 50·4 13·7 47·9 10·7 49·6 14·8
Post 49·9 13·8 51·9 12·7 49·7 12·8 47·4 11·2 50·8 15·8

TC/HDL-C
Pre 4·9 1·2 4·9 1·3 5·0 1·4 5·1 1·2 5·0 1·2
Post 5·0a 1·4 4·2*b 1·0 4·5*b 1·2 4·8a 1·1 4·6*b 1·3

LDL-C
Pre 152·7 13·9 154·5 16·5 154·6 19·9 152·8 18·1 153·9 15·1
Post 150·9a 24·3 132·0*b 11·4 134·3*b 12·8 138·8*b 20·3 140·5*b 15·1

HDL-C, HDL-cholesterol; HMW, high molecular weight; LDL-C, LDL-cholesterol; LMW, low molecular weight; TC, total cholesterol.
a,b Mean values within a row with unlike superscript letters were significantly different (with adjustments for multiple comparisons; P,0·05).
Mean values were significantly different from those of the baseline (paired Student’s t-tests): *P,0·05.
† For details of treatment groups, see Table 1. ANOVA F tests were done for each variable. No significant differences were found between groups at baseline (P.0·60).

Table 4. LDL-cholesterol goal attainment at baseline and week 6 by number of CHD risk factors†

Treatment group
Zero or one CHD risk

factors at baseline
Zero or one CHD risk

factors at week 6
Two or more CHD risk

factors at baseline
Two or more CHD risk

factors at week 6

Total (n ¼ 154) 66/95 80/95 2/59 20/59
Control (n ¼ 30) 19/22 15/22 0/8 0/8
5 g HMW (n ¼ 32) 12/17 15/17 1/15 8/15
5 g LMW (n ¼ 29)‡ 15/21 20/21 0/8 4/8
3 g HMW (n ¼ 32) 9/18 15/18 1/14 7/14
3 g LMW (n ¼ 31) 11/17 15/17 0/14 1/14
Any BBG treatment (n ¼ 124) 47/73 65/73 2/51 20/51

BBG, barley b-glucan; HMW, high molecular weight; LDL-C, LMW, low molecular weight.
† For details of treatment groups, see Table 1. CHD risk factors as defined by National Cholesterol Education Program’s Adult Treatment Panel III guidelines.
‡ One subject was left out of analysis (5 g LMW group) because we were unable to get all risk factor data.
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The National Cholesterol Education Program ATP III
guidelines were applied to each study participant to determine
his or her LDL-C goal of therapy based on level of CHD risk
(Table 4). A greater percentage of individuals in the treatment
groups attained their LDL-C goal compared to the control
group. At study conclusion 89% of those with zero or one
CHD risk factors who received any study treatment had
attained their LDL-C treatment goal compared to 68% in
the control group. Similarly, among the subjects with two or
more CHD risk factors, 39% (20/51) who received any of
the study treatments attained their LDL-C goal compared to
0% (0/8) in the control group (P,0·05).

Discussion

The aim of the present study was to assess the impact of BBG-
enriched foods on CVD risk factors, specifically LDL-C and
other blood lipid levels, in human subjects with moderate dys-
lipidaemia. The present study demonstrated that both HMWand
LMW BBG, when added at either 3 or 5 g/d, reduced the
primary study variable, LDL-C, with significant reductions at
both the 3 g and 5 g daily dose. Reductions were 9% for the
3 g dose and 15% or 13% for the 5 g dose (HMW and LMW,
respectively). Additionally, total cholesterol was significantly
reduced among all treatment groups, while the ratio TC/HDL
was more significantly reduced among the 5 g/d groups. The
present findings demonstrate that the efficacy of a BBG-
enriched diet in modifying blood lipid CVD risk factors is at
least comparable to previous clinical trials of VSF-enriched
diets. As important, the LMW BBG which has even greater
therapeutic potential because of its improved sensory properties
and performance in foods demonstrated comparable efficacy to
the HMW BBG in blood lipid improvement.

An important study outcome that is a corollary to the
LDL-C reduction is the number of subjects who were able
to attain their personal LDL-C goal as established by the
ATP III guidelines. The ATP III guidelines use a system of
assessing core CVD risk factors to establish the LDL level
or cut point at which an individual can consider their efforts
at risk reduction successful (National Cholesterol Education
Program, 2002). If a person does not reach their goal with life-
style changes, then they will generally need to progress to
more aggressive interventions such as pharmacotherapy. It is
an additional important measure of the efficacy of the BBG
intervention that 69% of the subjects in the treatment
groups were able to attain their LDL-C goal as opposed to
50% of the control group on a ‘heart-healthy’ diet alone. Of
particular note is the fact that all treatment groups, both the
3 g and 5 g LMW and HMW groups, showed a substantial
increase in persons reaching their ATP III goal for LDL-C.
The study subjects were only moderately dyslipidaemic;
40% of the subjects in the treatment groups and 63% of the
control group had already achieved their LDL-C goal on the
run-in diet. Nevertheless, LDL-C is a continuous risk variable
and additional improvement in LDL-C levels with the BBG
intervention further enhanced their CVD risk reduction and
maintenance of healthy lipid levels.

Overall compliance with study treatments and the lack of
significant study-related side-effects demonstrated excellent
acceptance and tolerance of BBG. As is common with an
increase in fibre intake, subjects on active treatment did

report an initial increase in intestinal gas, but for most subjects
this side-effect did not increase over the duration of the study.
Three-day food records obtained at baseline and at the end of
the study indicated that subjects were generally compliant
with overall diet recommendations and there were no signifi-
cant changes in energy consumption or specific nutrient
intake over the 6-week period. Of note, all subjects within
the four treatment groups attained the ATP III goal of con-
sumption of 10–25 g VSF/d when the treatment dose of
BBG was added to their background VSF consumption on
the ‘heart-healthy’ diet.

To date, most of the human studies investigating the hypo-
cholesterolaemic effects of b-glucan have utilized diets rich in
oat and oat products. However, human clinical trials have been
conducted using barley foods as the source of b-glucan as
well. (McIntosh et al. 1991) conducted one of the first trials
comparing diets rich in barley versus wheat in a cross-over
design. Compared to the wheat period, the barley diet period
resulted in a 6% lower total cholesterol level and a 7%
lower LDL-C level. In 2004, Behall et al. reported that
adding 6 g soluble fibre from barley per day for 5 weeks in
addition to a Step 1 diet resulted in a 24% reduction in
LDL-C (Behall et al., 2004b). However, not all studies inves-
tigating the cholesterol-altering effects of barley have reported
a treatment effect. (Keogh et al. 2003) reported that adding
b-glucan-enriched barley to the diets of hypercholesterolaemic
men containing 38% of kJ from fat did not significantly
reduce total or LDL-C levels.

To date, there have been even fewer studies investigating
the cholesterol-altering effects of extracted b-glucan. There
have been a few studies showing the benefit of oat b-glucan
extract in CVD risk reduction (Behall et al., 1997). However,
there has only been one previous study reporting a dietary
intervention using b-glucan extracted from oats with molecu-
lar weight modification (Frank et al., 2004): the study used
6 g/d oat b-glucan extract (both LMW and HMW) for 3
weeks and failed to show a significant effect on blood
lipids, specifically LDL-C. Compared to the findings in the
present trial, the results of (Frank et al. 2004) would suggest
that the extent of the molecular weight reduction of the
b-glucan fibre could significantly alter its hypocholesterolae-
mic action. Additionally, it is apparent from a review of the
literature that not all soluble fibre forms and sources have
comparable effects on CVD risk factors (Truswell, 1995).

Experts contend that the LDL-C-lowering effects of
high-VSF foods, such as oats and barley, are due to the
action of VSF in the gastrointestinal tract. VSF has been
shown to increase the elimination of bile salts, and seconda-
rily, bacterial fermentation products (SCFA) have been
shown to suppress hepatic cholesterol biosynthesis (Marlett
et al., 1994). There is a substantial body of knowledge sup-
porting these mechanisms of action, and this persuaded the
(US Food & Drug Administration 1993) to grant the first
health claim for reduced risk of heart disease in 1993 to
foods rich in soluble fibre from oats.

Lowering the molecular weight of b-glucan does improve
sensory properties and performance in foods, but it can also
reduce the viscosity of the fibre, thus the tradeoff can be a
decrease in efficacy. This appears to be the reason that some
previous studies of other LMW b-glucans in animals and
man had reduced efficacy (Yamada et al., 1999; Frank et al.,
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2004). In addition, some feel that any b-glucan extract, even a
concentrated source, loses some of the important components,
such as polyphenolics and antioxidants, present in whole-grain
products and thereby may be less effective in overall CVD
risk reduction. (Jacobs & Gallaher 2004) have reviewed a
number of prospective trials and have concluded that con-
sumption of whole-grain products reduces CVD risk. The pre-
sent study of foods enriched with extracted BBG demonstrates
their efficacy in reducing LDL-C, a major surrogate marker
for CVD, and gives support to the position that extracted
VSF can significantly reduce CVD risk.
A study of longer duration may be helpful to show mainten-

ance of the benefit. Further, in order to generalize the results
to a broader, more diverse population, it may be helpful to
study certain subgroups and other population groups over
the age of 65.

Conclusion

The present study demonstrates the efficacy and excellent tol-
erance of a dietary intervention using BBG-enriched foods to
reduce CVD risk, specifically LDL-C. All subjects in BBG
treatment groups were able to reach the ATP III dietary goal
of consumption of 10–25 g/VSF d. An important finding in
the present study was that LMW BBG had comparable effi-
cacy gram for gram when compared to native HMW BBG.
This is clinically important because the improved sensory
properties and performance in foods of LMW BBG make it
a more viable food ingredient for broader applications.
An additional important outcome of the present study was
that a greater number of BBG-treated subjects versus control
attained their ATP III goal for LDL-C. The findings of the pre-
sent study have clear clinical benefits in CVD risk reduction
and significant healthcare cost benefits due to reduced
need for pharmacotherapy if the results can be sustained
long term.
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Effects of barley intake on glucose tolerance, lipid metabolism, 
and bowel function in women 
 
Jue Li M., Takashi Kaneko MD, PhD, Li-Qiang Qin MD, Jing Wang MD, PhD, and Yuan Wang MD, PhD - a 
Department of Environmental Health, School of Medicine, University of Yamanashi, Tamaho, Yamanashi, 
Japan, Japan 
 
 
Objective: The low consumption of grains that are rich sources of dietary fiber may be 
associated with the increasing prevalence of chronic diseases. This study was conducted 
to observe the effects of high barley (high-fiber diet) intake on glucose tolerance, lipid 
metabolism, and bowel function in healthy women. 
 
Methods: Ten women volunteers (20.4 ± 1.3 y, 19.2 ± 2.0 kg/m2) signed informed 
consents and received a standard diet and a barley diet, with each diet for a period of 4 
wk with a 1-mo interval (randomized cross-over design). Both diets contained the same 
amounts of carbohydrate, fat, and protein. 
 
Results: The barley intake significantly lowered plasma total and low-density 
lipoprotein cholesterol concentrations and reduced plasma triacylglycerol concentration. 
Barley intake also increased stool volume. There was no significant difference in 
glucose tolerance between diet regimens. 
 
Conclusions: This study demonstrated that barley intake has beneficial effects on lipid 
metabolism and bowel function and suggests that the intake of a high-fiber food, i.e., 
barley, should be recommended to prevent chronic diseases. 
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The porridges and barley bread products were also
characterized with respect to degree of starch gelatin-
ization (Chiang and Johnsson 1977), by analysis of the
proportion of starch immediately susceptible to glu-
coamylase at 40Â°C.The degree of gelatinization was

calculated as the percentage of total starch analyzed
after complete gelatinization with NaOH. Results
were as follows: barley porridge, 98%; high fiber por
ridge, 98%; oat porridge, 96%; high fiber bread (50:
50), 96%; and high fiber bread (80:20), 94%. Gross
nutrient composition of the raw materials and bread
products is shown in Table 1.

Postprandial blood glucose and insulin re
sponses in healthy subjects. Subjects. Nine healthy
volunteers (six women and three men, aged 24-46)
with normal body mass indices (20.9 Â±1.5kg/m2) and
without drug therapy participated in the study. One
of the women did not consume the meals with por
ridge.

Test meals. The test products were provided in
amounts corresponding to 30 g starch (Table 2). This
quantity, lower than that commonly used (50 g), was
chosen because of the bulkiness of the high fiber barley
products. The portions of cheese (10 g/100 g fat wet
weight) and butter were varied to standardize the
amount of protein and fat in all of the test meals. Also
included was a small amount of apricot purÃ©e(7.0 g),
eaten as jam with the porridges or as "marmalade"

with the breads. Low fat milk (150 mL) was served
with the porridges, water (300 mL) with the bread
meals, and coffee/tea (150 mL) was included in each

meal. All test meals contained 31.5 g carbohydrates,
14.1 g protein and 6.0 g fat, corresponding to 997 kj.
However, in the test meals with porridge, a small
amount of lactose from milk (4.0 g) was included.
Hence, the energy content of these meals was 1065
kj. Dietary fiber content of the test meals ranged from
1.7 to 24.8 g in the case of the test meal with the high
est proportion of high fiber barley. The composition
and nutrient content of the test meals are shown in
Table 2. The subjects were served the test products in
random order as a breakfast after an overnight fast.
The tests were performed ~1 wk apart and com
menced at the same time in the morning. All meals
were consumed steadily over a 12- to 15-min period.

Blood analyses. Finger-prick capillary blood sam
ples were taken prior to the meal (Omin) and at 30,
45, 70, 95,120 and 180 min after the meal for analysis
of glucose, and after 30, 45, 95 and 120 min for anal
ysis of insulin. Blood glucose concentration was de
termined with a glucose oxidase peroxidase reagent
and serum insulin level with an enzyme immunoassay
kit [Enzymun Test Insulin (ELISA), no. 1135295,
Boehringer Mannheim, GmbH, Mannheim, Ger
many]. Approval of the study was given by the Ethics
Committee at the University of Lund, Sweden.

Calculations and statistical methods. The gly
cÃ©mieand insulinemic indices (GI and II, respectively)
were calculated from the 95- and 120-min incremental
postprandial blood glucose and insulin areas under the
curves, using white wheat bread as a reference (GI and
II = 100, respectively) (Liljeberg and BjÃ¶rck1994). The

TABLE 1

Gross nutrient composition in the raw materials and bread products

Starch1Amylose2Dietary

fiberProtein

Fat Insoluble3Soluble3/3-glucans4g/100

g drywt

Raw materials
Oats 63.7 24.7
Common barley 68.1 29.4
High fiber barley 30.9 5.2

Bread products
High fiber bread (50:50) 49.0 17.35
High fiber bread (80:20) 38.2 10.0s
White wheat flatbread 79.6 ND
White wheat bread

(reference product) 79.5 ND

15.3
10.6
18.4

15.3
17.5
11.6

11.4

8.6
3.7
6.6

5.25
6.05
1.46

2.87

7.8
10.0
14.4

12.1
13.6
3.4

2.9

4.0
5.2

19.6

13.1
17.9

1.9

1.6

4.0
4.7

17.5

11.15
14.9s

ND

ND

1 Potentially available.
2 Starch basis.
3 Insoluble and soluble dietary fiber analyzed according to a gravimetric method.

/3-glucansanalyzed according to an enzymatic method.
Based on analysis of the raw materials.

6 Fat concentration in white wheat flour obtained from food tables.
7 Obtained from Liljeberg and BjÃ¶rck(1994).
ND, not determined.
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TABLE 2

Composition and nutrient content on a wet weight basis of the test meals

ProductsOat

porridgeBarley
porridgeHigh

fiberporridge(50:50)High

fiberbread(50:50)High

fiberbread(80:20)White

wheatflatbreadWhite

wheat breadBread/

Flourg52.848.332.7115.4156.658.272.5Cheese&5.816.4â€”15.8â€”31.231.2ButterZ_3.04.92.63.62.52.2ApricotpurÃ©ei7.07.07.07.07.07.07.0Dietary

fiberMilkml150150150â€”â€”^_â€”Carbohydrate&35.

5135.
5135.5131.5231.5231.5231.

52Protein&14.114.114.114.114.114.114.1Fati6.06.06.06.06.06.06.0InsolubleS3.74.47.57.410.71.31.1Solubleg1.92.37.68.014.10.70.6Totalg5.66.715.115.424.82.01.7

1 Total made up of 30 g starch from the porridge, 4.0 g lactose from the milk and 1.5 g low molecular carbohydrates from the apricot

puree
2 Total made up of 30 g starch from the bread and 1.5 g low molecular carbohydrates from the apricot purÃ©e.

results are expressed as means Â±SEM,and the signifi
cance of differences was assessed with the Wilcoxon
matched-pair signed-rank tests (Conover 1980). The
SPSS/PC+ advanced statistics program (version 2.0,
SPSS,Chicago, IL) was used. A value of P < 0.05 was
considered significant.

RESULTS

Postprandial blood glucose and serum insulin
responses. No differences in blood glucose responses
of subjects were found between the test meals with
common oat, barley porridges and the white reference
bread at any time point. In addition, the glucose re
sponse to the flat baked white bread did not signifi
cantly deviate from that to the white reference prod
uct. In contrast, in the early postprandial phase (0-45
min), all products based on the high fiber barley ge
notype resulted in significantly lower blood glucose
increments (P < 0.05) than did the white bread refer
ence product (Fig. 1, Table 3), whereas the opposite
was noted in the late postprandial phase (180 min). A
significantly lower glucose increment in the early
phase (30 min) was observed also with the high fiber
porridge, compared with the wholemeal porridges
made from common oats or barley.

The insulin responses of subjects were closely as
sociated with the glucose responses (Fig. 2, Table 4).
Compared with the white bread, significantly lower
increments (P < 0.05) were found at 0-45 min when
all of the high fiber barley products were consumed.
In addition, the insulin increment obtained with the
high fiber porridge at 30 min was lower than those
seen with the common oat and barley porridges.

The GI and II are shown in Tables 5 and 6. Similar
indices were obtained based on the areas under the
curves at 95 or 120 min. The GI and II of the porridges
based on common oats or barley flours, and the white
bread reference product could not be distinguished at
either time point. In contrast, significantly lower in
dices (P < 0.05) were noted with the high fiber porridge
(50% Prowashonupana) and the two high fiber bread
products (50 or 80% Prowashonupana) compared with
the white bread reference.

DISCUSSION

Results from the present study show that common
whole-meal oat or barley porridges produce postpran
dial blood glucose and insulin responses in healthy
subjects equal to those produced with white bread.
Thus, the naturally occurring dietary fiber in these
whole-meal flours had no impact on glucose tolerance.
In contrast, porridge and flatbread products based on
a high fiber barley genotype (50 or 80% high fiber bar
ley) induced a significantly lower postprandial rise in
glucose and insulin responses. In the case of the barley
breads, the blunting of postprandial responses was not
related to the baking process per se, because the white
flatbread resulted in equally high metabolic responses
as did the white bread baked as a loaf.

The most prominent lowering of glycÃ©mieand in-
sulinemic responses was obtained with the flatbread
with 80% high fiber barley flour, which displayed very
low GI and II (57 and 42%, respectively). In fact, this
product had features similar to results from bread with
80% intact barley kernels (GI = 58, II = 51) (Liljeberg
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WWB
WWB-f

OP
BP
HFP-50
HFB-50
HFB-80

FIGURE I Blood glucose concentrations in healthy humans following ingestion of breakfast meals with different porridge
and bread products. Values are means, n = 9 except for the porridges for which n = 8. Error terms and results of statistical
analyses are given in Table 3. Abbreviations used: BP, barley porridge; HFB-50, high fiber bread (50:50); HFB-80, high fiber
bread (80:20); HFP-50, high fiber porridge (50:50); OP, oat porridge; WWB, white wheat bread; WWB-f, white wheat flatbread.

et al. 1992). Also the porridge and bread based on 50%
high fiber barley flour, attenuated the glucose re
sponses (GI = 72 and 69%, respectively). These find
ings clearly show that inclusion of the high fiber barley
genotype tested in the present work offers new ways
of reducing the high GI seen with traditional cereal
products. Such products have a potential use in the

dietary management of diabetes and hyperlipidemia
(Brand Miller 1994), but also in the prevention of these
diseases (Jenkins et al. 1987). Moreover, in the late
postprandial glucose phase (180 min), the common oat
and barley porridges resulted in hypoglycemia,
whereas glycÃ©mieresponses to all high fiber products
remained at or above the fasting levels. This may also

TABLE 3

Incremental blood glucose responses in healthy humans after consuming different porridge and bread meals1

GlucoseresponsesOat

porridgeBarley
porridgeHigh

fiberporridge
(50:50)High

fiberbread(50:50)High

fiberbread(80:20)White

wheatflatbreadWhite

wheat bread30

min2.34

Â±0.26"2.15
Â±0.24Â»1.57Â±0.19b1.52Â±0.19bc1.15Â±0.15C2.28

Â±0.20a2.21
Â±0.21Â«45

min1.10

Â±0.34Â»1
.00 Â±0.29a0.63

Â±0.22b0.79

Â±0.20b0.55

Â±0.22b1.34

Â±0.33"1.35
+ 0.32"70

min0.00

Â±0.140.26
Â±0.220.12

Â±0.150.03

Â±0.090.10

Â±0.140.28

Â±0.230.20
Â±0.2795

minA

mmoi/L0.00

Â±0.02ab-0.16Â±0.10bc0.16Â±0.19ac-0.02

Â±O.OS1*0.18

Â±0.08a-0.10Â±0.20ab-0.08Â±0.15b120

min-0.03Â±0.10abc-0.19Â±0.11C0.16Â±0.11"b0.05Â±0.11abc0.

17 Â±0.09a-0.10Â±0.15bc-0.16Â±0.15abc180min-0.19

Â±0.07e-0.23
Â±0.08C0.09

Â±0.09ad0.00

Â±0.07ab0.03

Â±0.09a-0.14Â±0.07bcd-0.12Â±0.11abc

1 Means Â±SEM,n = 9 except for the porridges for which n = 8. Means within a column not containing the same superscript are significantly

different (P < 0.05).
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-r 2

WWB
WWB-f
OP
BP
hFP-50
HFB-50
HFB-80

30 60

Tlme{min)

90 120

FIGURE 2 Serum insulin concentrations in healthy humans following ingestion of breakfast meals with different porridge
and bread products. Values are means, n = 9 except for the porridges for which n = 8. Error terms and results of statistical
analyses are given in Table 4. Abbreviations used: BP, barley porridge; HFB-50, high fiber bread (50:50); HFB-80, high fiber
bread (80:20); HFP-50, high fiber porridge (50:50); OP, oat porridge; WWB, white wheat bread; WWB-f, white wheat flatbread.

have nutritional implications, in that it has been shown
that a net glucose increment above the fasting level in
the late postprandial phase favors a longer duration of
satiety (Holt et al. 1992).

In previous studies, cereal genotypes containing a
high amylose-amylopectin ratio were reported to lower
postprandial glycemia when included in various prod
ucts (Granfeldt et al. 1994 and 1995a). However, the
blunting of glycemia, and in particular insulinemia,
following inclusion of high fiber barley (Prowashon-

upana), was not related to a higher amylose content.
In fact, Prowashonupana barley is of waxy character
and contains significantly less amylose than is present
in common cereals (Table 1). Instead, the beneficial
properties of the Prowashonupana products are as
signed to the dietary fiber moiety, and this barley ge
notype contained a remarkably high soluble dietary
fiber concentration (20 g/100 g dry weight), consisting
mainly of 0-glucans (Table 1).The high level of soluble
fiber present in the test meal with the flatbread con-

TABLE 4

Increment*/ serum insulin responses in healthy humans after consuming different porridge and bread meals1

Insulin responses

30 min 45 min 95 min 120min

A nmol/L

OatporridgeBarley
porridgeHigh

fiber porridge(50:50)Higher
fiber bread(50:50)Higher
fiber bread(80:20)White

wheatflatbreadWhite
wheat bread0.27

Â±0.03a0.27
Â±0.04a0.19Â±0.02b0.15Â±0.03C0.11Â±0.02C0.28

Â±0.04a0.28
Â±0.04a0.13Â±0.03ab0.13Â±0.02ab0.10Â±0.02bc0.08

Â±0.01bc0.06Â±0.01C0.19

Â±0.03"0.
18 Â±0.03a0.03

Â±0.020.02
Â±0.010.02

Â±0.010.01
Â±0.000.02
Â±0.010.02
Â±0.010.03
Â±0.010.01

Â±0.000.00
Â±0.010.01
Â±0.010.01

Â±0.010.01
Â±0.010.01
Â±0.010.00

Â±0.01

1 Means Â±SEM,n :
different |P < 0.05).

9 except for the porridges for which n = 8. Means within a column not containing the same superscript are significantly
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TABLE 5

Fasting blood glucose concentration and glycÃ©mieindices
in healthy humans after consuming different

porridge and bread meals1

GI
Fasting

concentration 95 min 120 min

mmol/L

OatporridgeBarley
porridgeHigh
fiberporridge(50:50)High

fiberbread(50:50)High

fiberbread(80:20)White

wheatflatbreadWhite

wheatbread4.6

Â±0.24.6
Â±0.14.6

Â±0.24.7

Â±0.14.6

Â±0.14.6

Â±0.14.6+0.1104.8

Â±18.7a97.7
Â±15.2ab71.8Â±

9.0bc69.3

Â±10.2bc56.6

Â±6.8C111.0Â±

11.5a100a105.

8 Â±18.6a97.0Â±15.5ab77.7

Â±8.2bc71.0

Â±11.4bc60.9+

6.8C112.8

Â±12.5a100a

1 Means Â±SEM,n = 9 except for the porridges for which n = 8.
Means within a column not containing the same superscript are
significantly different (P < 0.05).

2 Incremental blood glucose area after ingestion of the test meal
as a percentage of the corresponding area following a reference meal.

taining the highest proportion of Prowashonupana,
~ 14 g, reduced glycemia by as much as 40% compared
with the reference product. Similarily, 14.5 g of spe
cially prepared oat gum (80% ÃŸ-glucans),consumed
with 50 g glucose, reduced the area under the blood
glucose curve (2 h) in subjects by 42% (Braaten et al.
1991). A comparable lowering of glucose responses to
a glucose load was also shown following supplemen
tation with 14.5 g guar gum (Blackburn et al. 1984)
or a corresponding amount of pectin (Holt et al. 1979).
Thus, the postmeal metabolic effects of the dietary
fiber in the flatbread product containing 80% of the
high fiber barley genotype were of the same magnitude
as those seen in acute glucose tolerance tests with sol
uble fiber isolates.

The high fiber barley products were generally liked
by the subjects, particularly the bread products. In
contrast, it has been claimed that incorporation of iso
lated fiber supplements may lessen palatability (Nutt
all 1993).

In contrast to the favorable effects of the high fiber
barley products, the porridges based on common oats
or barley elicited high metabolic responses (GI =105
and 98%, respectively), not distinguishable from the
white reference bread product. Consequently, the sol
uble fiber content in these oat and barley porridges
was too low (1.9 and 2.3 g, respectively) to affect post
prandial glucose and hormonal responses. Thus, the
soluble fiber contents of the test meals with the high
fiber products ranged from 7.6 to 14.1 g (Table 2). The

high postprandial glucose and insulin responses to the
oat and barley porridges are in agreement with pre
vious studies with common Swedish oat and barley
products e.g., rolled oats, porridge based on oat flakes
(Granfeldt et al. 1995b), whole-meal barley bread
(Liljeberg and BjÃ¶rck1994, Liljeberg et al. 1992) or
barley flakes (Granfeldt, BjÃ¶rckand Eliasson, unpub
lished data). In contrast to the results with the common
barley porridge, it was recently shown that whole-meal
porridges made from barley genotypes characterized
by higher amylose levels (33 or 42%) reduced the met
abolic responses in healthy subjects (Granfeldt et al.
1994). Compared with Swedish barley, the Glacier ge
notypes had similar concentrations of soluble fibers
(6.5-7.5 g/100 g, dry weight basis) (see Table 1), sug
gesting beneficial effects also with barley genotypes
with modified starch composition. The impact of the
amylose-amylopectin ratio on metabolic responses has
been verified also in work with corn (Granfeldt et al.
1995a).

Results from the present study show that porridge
and bread products based on a high fiber barley ge
notype reduced favorably the glucose and, in partic
ular, the insulin responses compared with porridges
made from common oats or barley. Such high fiber
barley products are thus candidates as "lente" foods.
The insulinemic indices of the high fiber bread meals
were very low (II = 46 and 42%, respectively), and in
fact among the lowest reported for cereal products.
Insulin stimulates the rate of hepatic cholesterol syn
thesis (Jenkins et al. 1994), which could be one of the

TABLE 6

Fasting serum insulin concentration and insulinemic indices
in healthy humans after consuming different

porridge and bread meals1

II
Fasting

concentration 95 min 120 min

nmol/L %2

Oat porridge 0.08 Â±0.01 100.4 Â±16.2ab 100.3 Â±16.5ab
Barley porridge 0.08 Â±0.01 102.8 Â±14.1ab 102.6 Â±14.6ab
High fiber

porridge (50:50) 0.08 Â±0.01
High fiber bread

(50:50) 0.08 Â±0.01
High fiber bread

(80:20) 0.07 Â±0.01
White wheat

flatbread
White wheat

bread

0.08 Â±0.01

0.07 Â±0.01

71.5 Â± 8.2b 72.5 Â± 8.5b

46.4 Â± 4.6C 46.4 Â± 4.7C

41.9 Â± 5.2C 43.2+ 5.2C

105.1 Â±12.2a 104.0 Â±11.8a

100a 100a

1 Means Â±SEM,n = 9 except for the porridges for which n = 8.
Means within a column not containing the same superscript are
significantly different (P < 0.05).

2 Incremental serum insulin area after ingestion of the test meal
as a percentage of the corresponding area following a reference meal.
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means by which low GI foods improve blood lipid
profiles. The Prowashonupana products described here
should be evaluated in this respect due to the consid
erable blunting of postmeal serum insulin levels.

Another important property of viscous dietary fiber
is the ability to improve glucose tolerance at a sub
sequent meal, the so-called "second meal" effect. This

has been verified with guar gum in healthy subjects
(Trinick et al. 1986) and with psyllium fiber in dia
betics (Pastors et al. 1991). The mechanism of action
is not clearly understood but may be attributed directly
to an increased glucose utilization rate, or secondarily
to a decreased plasma free fatty acid concentration,
resulting in an increased glucose oxidation rate (Jen
kins et al. 1980). A second meal effect has also been
observed following consumption of "lente" products
in general (Wolever et al. 1988). This further strength
ens the importance of "lente" food products, rich in

viscous fiber, for inclusion at breakfast. Moreover, it
has been postulated that the long-term metabolic ef
fects of fiber may relate to the possible effects of the
short-chain fatty acids produced during colonie fer
mentation (Thorburn et al. 1993). In this respect it is
interesting to note that barley ÃŸ-glucansappear to
generate higher amounts of short-chain fatty acids
upon fermentation than do many other sources of in
digestible carbohydrates, as judged from rat experi
ments (Berggren et al. 1993).

In single-meal tests, glycÃ©mieand insulinemic re
sponses to cereal products based on whole-meal oats
or barley were indistinguishable from those with white
bread. Flour-based cereal products with low GI fea
tures and of high sensory quality could be prepared
from a barley genotype with an elevated 0-glucan con
tent. Due to the importance of the glycÃ©miecharac
teristics of starch eaten at breakfast (Golay et al. 1992),
such cereals should be explored in the dietary man
agement of diabetes and hyperlipidemia, and for po
tential preventive effects in individuals predisposed
to metabolic diseases. The existence of cereal products
based on genotypes "naturally enriched" with dietary
fiber will also make it easier for people in general to
increase their dietary fiber intake within the frame
work of normal eating habits.
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