Effect of Twin-Screw Extrusion on the Nutritional Quality of Wheat, Barley, and Oats'
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ABSTRACT

Rat weight gains and feed efficiencies from diets of extruded oats (with
husks), barley (with husks), or wheat were no different than those from
raw grain diets. Animals that were fed extruded grains had lower serum
and liver cholesterol levels than those fed the raw grain and control (casein-
based) diets. Of the raw grain diets, only the barley diet had a hypo-
cholesterolemic effect when compared to the control diet. Rats fed
extruded barley had lower serum and liver cholesterol than any other
grain-fed group. Factors contributing to the greater hypocholesterolemic
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effects of barley diets could be the higher total and soluble B-glucan
contents and higher viscosities of the barley diets versus the oat, wheat,
and control diets. Diet viscosity was negatively correlated with serum
(r=—0.7906, P=0.0013) and liver (r =—0.7937, P=0.0015) cholesterol.
Data support the hypothesis that dietary fibers may exert their cholesterol-
lowering effect by increasing the viscosity of material in the digestive
tract.

Nutritional effects of extrusion processing are not well docu-
mented and depend on many factors, including type of extruder,
screw configuration, and processing conditions. Some effort has
been devoted to studying the effects of extrusion cooking on nu-
tritional or chemical properties of wheat (Bjorck et al 1984a,b;
Phillips 1988); wheat bran (Aoe et al 1989, Ralet et al 1990);
and corn (Peri et al 1983, Bhattacharya and Hanna 1988), but
few studies report the effects of extrusion on oats and barley.
Presently, whole oats and barley are not consumed as food by
humans. Hulls, comprising about 25% of oats and 15% of barley,
are commonly fed to animals or used in industrial applications.
However, with the current governmental and health agency em-
phasis on increasing dietary fiber intake in the general population,
very high fiber ingredients may find an assortment of food appli-
cations. Wang and Klopfenstein (1993) and others (Aoe et al
1989, Ralet et al 1990) have shown significantly increased soluble
dietary fiber (SDF) in extruded wheat bran. Oats and barley
contain a high proportion of SDF, particularly (1—3),(1—4)-8-
p-glucan, which has been shown to be hypocholesterolemic
(Shinnick et al 1988; Welch et al 1988; Newman et al 1989, 1992).
Effects of extrusion on the hypocholesterolemic properties of those
grains have not been established. The first objective of this study
was to evaluate the effects of extrusion processing, using Wenger
TX-52 equipment, (Wenger Mfg., Sabetha, KS) at three different
screw speeds, on nutritional properties (including hypocholes-
terolemic effect) of whole grain oats (with husks), barley (with
husks), and wheat. The second objective was to relate nutritional
changes to changes in physical properties of the grains.

MATERIALS AND METHODS

Whole grain oats and barley (both with husks) and hard red
winter wheat were obtained from a local elevator in Manhattan,
KS. Grains were first ground through the 1/8-in. (3.2-mm) screen
of a Fitz mill (Fitzpatrick Co., Elmhurst, IL) and then extruded
using a Wenger TX-52 corotating twin-screw extruder as pre-
viously described (Wang and Klopfenstein 1993). Dry extrudates
were ground through the 1/8-in. (3.2-mm) screen of the Fitz mill
to produce products more similar in particle size to those of the
raw (unextruded) materials and to aid in further analyses. Both
the raw and extruded products were stored at room temperature
for a few days until needed for mixing in rat diets.

Rat-Feeding Study

Thirteen groups of 10 male Wistar rats each (Charles River
Breeding Laboratory, Wilmington, MA) were fed diets containing
raw or extruded grains or a casein-based control diet with no
cereal. All diets were formulated to contain the same amount

'Contribution 93-195-J of the Kansas Agricultural Experiment Station.
2Depart:m:nt of Grain Science and Industry, Kansas State University, Manhattan.

© 1993 American Association of Cereal Chemists, Inc.

712 CEREAL CHEMISTRY

of total dietary fiber (TDF), protein, and fat, using Mixit-2+
least-cost ration-balancing software, version 1.0 (Agricultural
Software Consultants, Inc., Kingsville, TX). The compositions
and proximate analyses of diets are shown in Tables I and IL
Mean initial weights of animals in all groups were statistically
the same and averaged 136 g. Animals were individually housed
in stainless steel cages in an environmentally controlled room
(23°C with a 12-hr light-dark cycle). Diets and water were fed
ad libitum. Animals were weighed weekly. Feed consumption
records were kept, and feed efficiencies were calculated.

Serum Total Cholesterol Analysis

At the end of weeks 3 and 6, rat blood samples were taken
by cardiac puncture from fasting (12-hr), ether-anesthetized rats.
The clot was removed after centrifugation at 12,000 X g for 15
min. Serum total cholesterol concentrations were assayed using
the enzymatic method of diagnostic kit 352 (Sigma Chemical Co.,
St Louis, MO).

Liver Cholesterol

After six weeks of feeding, the animals were sacrificed in an
ether atmosphere. The livers were quickly removed, rinsed under
cold tap water, blotted dry, and stored frozen until analysis for
cholesterol. Lipids were extracted from liver homogenates with
chloroform-methanol (Klopfenstein and Clegg 1980). An aliquot
of the chloroform extract was evaporated to dryness under nitro-
gen. The lipid residue was redissolved in absolute ethanol and
used for determination of total liver cholesterol (Rosenthal et al
1957).

TABLE I
Percent Composition of Rat Diets*
Oats Barley Wheat No Cereal

Ingredients Diets 1-4 Diets 5-8 Diets 9-12  Diet 13
Grains 25.2 53.2 50.0 0
Casein

(vitamin-free)® 18.7 14.0 14.6 21.8
Corn starch® 40.5 17.2 15.5 52.2
Cellulose® e 28§ 4.38 8.65
Soybean oil 3.59 3.57 352 5.35
Sucrose 5.00 5.00 5.00 5.00
Vitamin mix 2°¢ 2.00 2.00 2.00 2.00
Mineral mix

(salt mixture XVII)© 4.00 4.00 4.00 4.00
Cholesterol® 1.00 1.00 1.00 1.00

*Diets 1, 5, and 9 contained the raw grains; diets 2, 6, and 10 contained
grains extruded at low screw speed (200 rpm); diets 3, 7, and 11 contained
grains extruded at medium screw speed (300 rpm); and diets 4, 8, and
12 had grains extruded at high screw speed (400 rpm).

*Sigma Chemical Co., St. Louis, MO,

° Alphacel, ICN Nutritional Biochemicals, Clevland, OH.

“Food Club Brand, Dillons, Inc., Manhattan, KS.

“ICN Nutritional Biochemicals, Cleveland, OH.



TABLE II
Percent Dietary Fiber and Proximate Contents of Rat Diets (dry basis)

Diet Type* TDF" IDF® SDF® Moisture® Protein® EE® Ash'
1 Oats-R 12.10 9.88 2.22 9.34 21.7 4.90 4.65
2 Oats-L 12.53 9.63 2.90 7.87 21.9 5.98 4.58
3 Oats-M 12.75 10.83 1.92 7.69 22.1 5.60 4.64
4 Oats-H 12.69 10.28 2.41 7.68 22.5 5.62 4.46
5 Barley-R 13.84 11.25 2.69 8.46 21.5 5.40 4.92
6 Barley-L 13.51 12.31 1.20 6.13 21.7 5.17 5.18
7 Barley-M 12.70 10.62 2.08 6.01 21.7 4.94 5.02
8 Barley-H 12.99 10.41 2.58 7.03 21.6 5.15 4.88
9 Wheat-R 12.90 10.80 2.10 8.43 22.1 4.99 4.51

10 Wheat-L 12.89 10.24 2.65 6.89 223 5.17 4.59

11 Wheat-M 12.49 10.92 1.57 6.23 21.8 5.40 4.60

12 Wheat-H 12.59 10.54 2.05 6.47 21.8 5.04 4.74

13 No Cereal 13.34 12.59 0.75 7.51 22.2 5.54 3.57

®R = raw (unextruded), L = extruded low, M = extruded medium, and H = extruded high.
®TDF = total dietary fiber; IDF = insoluble dietary fiber; SDF = soluble dietary fiber. Determined using AACC method 32-07.

¢ AACC method 44-40.
4 AACC method 46-16.
¢ EE = petroleum ether extract. Determined using AACC method 30-25.
" AACC method 08-01.

Viscosity

A Rapid Visco Analyzer (RVA-3C, Newport Scientific Pty.
Ltd., NSW, Australia) was used to measure the viscosities of
aqueous suspensions of the rat diets. To determine the viscosity
at physiological temperature, diet suspensions (25% solids) were
stirred at 37°C, and the viscosity values at 12 min were recorded.

Statistical Analysis

The data were statistically evaluated by the one-way analysis
of variance procedure with the least significant difference test
using the statistical analysis system at Kansas State University,
Manhattan (SAS 1985).

RESULTS AND DISCUSSION

Effects of Raw and Extruded Grain Diets on Rat Weight Gains
and Feed Efficiencies

Weight gains of animals fed all of the grain diets were similar
and all gained more weight than animals fed the control (no
cereal) diet (Table IIT). Weight gains of animals fed the extruded
cereals did not differ from those of rats fed the raw grain diets.
Feed efficiencies for the raw oats, wheat, and barley were not
statistically different, nor did extrusion processing of each grain
change its efficiency with respect to the raw grain (Table III).
However, barley was a more efficient feed than oats when both
were extruded at high screw speed conditions. Feed efficiencies
were significantly higher for the raw and extruded grain diets
than they were for the control (no cereal) diet. Rats appeared
to prefer the grain diets to the control diet. Spillage was less
for those diets, and feed intake (and, therefore, feed efficiency)
values were more accurate for the grain diets. In addition, the
control diet tended to stick to the animals’ faces and forepaws,
making diet wastage difficult to estimate. TDF was similar in
all diets, but soluble fiber was lower in the control diets than
in the other diets (Table II). According to Olson et al (1987),
many components of SDF can be fermented by colonic bacteria
to volatile fatty acids that can be absorbed by the body and
metabolized for energy. The main source of dietary fiber in the
no-cereal diet was cellulose, which has essentially no soluble and
fermentable fiber and is considered to be noncaloric. The cor-
relation between SDF and weight gains was r = 0.6598 (P =
0.010). The correlation between SDF and feed efficiencies was
r = 0.7222 (P = 0.005). Although the diets were formulated to
be isocaloric (350-360 Kcal), the data indicate that the SDF may
have increased the caloric value of the grain diets, thereby
increasing rat weight gains and feed efficiencies somewhat.

Effects of Raw and Extruded Grains on Rat Serum and Liver
Cholesterol Levels
Rats fed raw barley and oats had lower serum cholesterol con-

TABLE III
Cumulative Weight Gains, Feed Intakes, and Feed Efficiencies
of Rats Fed Raw or Extruded Grain or No-Cereal Diets for Six Weeks"

Weight Gain  Feed Intake

Diet Type® [(3) (2) Feed Efficiency®
I Oats-R° 201 b 1,017 de 0.198 abc
2 Oats-L 211 ab 1,008 e 0.210 ab
3 Oats-M 203 b 1,020 cde 0.199 abc
4 Oats-H 199 b 1,028 bede 0.193 ¢
S Barley-R 210 ab 1,049 abcd 0.200 abc
6 Barley-L 210 ab 1,060 ab 0.198 abc
7 Barley-M 212 ab 1,068 a 0.198 abc
8 Barley-H 223 a 1,060 ab 0.211 a
9 Wheat-R 203 ab 1,057 abe 0.192 ¢

10 Wheat-L 204 ab 1,039 abcde 0.196 abc

11 Wheat-M 206 ab 1,054 abced 0.195 be

12 Wheat-H 208 ab 1,059 ab 0.196 abc

13 No cereal (control) 128 ¢ 945 f 0.134d

LSD* 18 38 0.015

2 Means in the same column not followed by the same letter are significantly
different at P < 0.05.

®Feed efficiency = grams gained per grams of feed consumed.

°R = raw (unextruded), L = extruded low, M = extruded medium,
and H = extruded high.

4 Least significant difference.

centrations than those fed raw wheat after three weeks of feeding
(Table IV). Although the barley and wheat diets contained similar
amounts of grain, the oat diets contained only about half as much
grain as the wheat diets (Table I). After six weeks, serum cho-
lesterol levels were significantly lower in the animals fed raw barley
than they were in animals fed the other raw cereals or control
diet. Raw wheat and oat diets did not produce a cholesterol-
lowering effect in comparison to the control diet.

Extrusion processing had a dramatic effect on the grains’ choles-
terol-lowering potential. At both sampling times, total serum cho-
lesterol concentrations were lower in all the animals fed extruded
cereal diets than they were in animals fed raw cereal or control
diets (Table 1V). Rats fed extruded barley diets had the lowest
serum cholesterol levels.

Liver cholesterol concentrations (Table IV) were positively cor-
related with serum total cholesterol levels (r = 0.855, P = 0.0002);
animals fed the extruded grains had lower concentrations than
those fed the raw grains. Animals fed raw and extruded grains,
with the exception of those fed raw oats, had lower liver cholesterol
concentrations than animals fed the control (no cereal) diet.

Different types of fiber are distinguished by physiological prop-
erties and systemic effects. The soluble component of dietary fiber
is thought to be the primary hypocholesterolemic agent in humans
and animals (Anderson et al 1990). Anderson et al (1984) reported
that B-glucan-rich oats lowered serum total and low-density lipo-
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protein cholesterol while it increased high-density lipoprotein
cholesterol in humans and rats. When Shinnick et al (1988) con-
ducted a study to determine the effect of extrusion processing
(low and high pressure) on the ability of oat bran and high-
fiber oat flour (Quaker Oats, Barrington, IL) to lower plasma
and liver cholesterol concentrations in rats, results showed that
all of the oat products significantly lowered plasma and liver
cholesterol without depressing food intake or weight gain. How-
ever, no hypocholesterolemic effect was observed for processed
oat hull products (Lopez-Guisa et al 1988). That result supports
the earlier reports of studies with Japanese quail (Rogel and Vohra
1983) and hens (Weiss and Scott 1979), in which up to 20% un-
processed oat hull in the diet had no effect on plasma or yolk
cholesterol levels. Certain B-glucan-rich barley cultivars also lower
serum cholesterol in chicks and rats (Newman et al 1989, 1992).
In a study on humans, daily consumption of 1.2, 2.0, and 2.4 g
of B-glucan resulted in 5.8, 4.7, and 3.5% reductions in low-density
lipoprotein cholesterol, respectively (Davidson et al 1991). Whole
oats, containing about 25% hulls that are rich in cellulose and
xylans, were used in the present study. Total and soluble B-glucan
concentrations in the oat diets were about half those in the barley

TABLE IV
Mean Serum and Liver Cholesterol Levels in Rats Fed Raw
or Extruded Grain or No-Cereal Diets*

Total Serum Cholesterol

Liver
(mg/dL) Cholesterol
Diet Type® Week 3 Week 6 (mg/g liver)
1 Oats-R 102.6 be 1233 a 188 a
2 Oats-L 84.4 de 93.4 9.6d
3 Oats-M 92.4 cd 92.1 143b
4 Oats-H 88.9 de 91.7¢ 11.7¢
5 Barley-R 92.7 cd 107.9 b 11.2cd
6 Barley-L 66.5 f 68.5d T.le
7 Barley-M 65.6 f 66.9 d 75¢€
8 Barley-H 79.6¢ 74.8d 73e
9 Wheat-R 1210 a 1240 a 148 b
10 Wheat-L 89.2 de 89.2¢ 10.9 cd
11 Wheat-M 78.9¢€ 942c¢ 72e
12 Wheat-H 78.2¢ 88.6 ¢ 9.8 cd
13 No cereal (control) 1069 b 122.6 a 174 a
LSD® 11.7 13.7 1.9

* Means in the same column not followed by the same letter are significantly
different at P < 0.05.
= raw (unextruded), L = extruded low, M = extruded medium,
and H = extruded high.
¢ Least significant difference.

diets (Table V). That probably explains why the barley diets were
more hypocholesterolemic than the oat diets.

The effect of wheat diets on serum cholesterol is still con-
troversial. Fisher and Griminger (1967) induced a significant de-
crease in plasma cholesterol levels in chickens with wheat, whereas
other laboratories have found wheat to be an ineffective hypo-
cholesterolemic agent (Anderson and Chen 1979, Kay and Trus-
well 1980, Kies 1985).

When dietary SDF levels were calculated from grain values
(Table V), the negative correlation with serum cholesterol was
significant (r = —0.649, P = 0.05). Dietary fiber values obtained
by diet analysis tended to be higher than values calculated using
only the grain contribution to TDF, especially for the oats and
no-cereal diets, which contained 40 and 52% corn starch, respec-
tively. Incompletely hydrolyzed nonfiber residue may have re-
mained in the diet samples, giving higher TDF values.

Effect of Diet Viscosities on Rat Cholesterol Levels

Viscosity may play a role in mediating several of the physio-
logical effects of dietary fiber (Jenkins et al 1978). Vahouny et al
(1981) provided a theory of the hypocholesterolemic mechanism
that relates to modification of lipid absorption from increased
viscosity created by soluble fibers. Works of Fadel et al (1987)
and Newman et al (1987) suggest that high viscosity caused by
the degree of polymerization is the major factor in the hypocho-
lesterolemic effect of B-glucans.

Our results showed that viscosities were significantly higher
for slurries of all extruded grain diets than for those of raw grain
and no-cereal diets, with the exception of oats extruded at low
screw speed conditions (Table V). Slurries of extruded barley
diet had the highest viscosities, followed by slurries of extruded
wheat diets; slurries of extruded oats diets had the lowest viscosi-
ties. Slurries of all medium-speed extruded grain diets had the
highest viscosities. Although slurries of extruded oat diets had
lower viscosities than extruded wheat diets, they had similar cho-
lesterol-lowering effects. However, diet slurry viscosity was nega-
tively correlated with serum cholesterol (r = —0.7906, P = 0.0013)
and liver cholesterol (r = —0.7937, P = 0.0015).

In addition to differences in SDF, percent of the various grain
starches and corn starch added to diets were different (Table
I). Starch type, as well as concentration and condition, might
have played an important role in viscosity in this experiment.
Diet viscosity appears to be an important factor affecting choles-
terol values. It would be interesting to test diet viscosities using
the RVA system, but with the addition of a-amylase to the slurries
to get a more representative indication of the contributions of
starch and enzyme-susceptible starch to viscosity under in vivo
conditions.

TABLE V
Percentages of Calculated Dietary Fiber, (1—3), (1—4) 8-Glucan Content, and Viscosities (cP) of Rat Diets
Diet Type* TDF" IDF® SDF* TGLN®¢ SGLN* Viscosity *f
1 Oats-R 11.47 10.62 0.85 0.88 0.61 50 h
2 Oats-L 10.12 8.91 1.21 1.03 0.66 50 h
3 Oats-M 10.27 8.71 1.56 1.06 0.74 145 g
4 Oats-H 9.83 8.54 1.29 0.99 0.60 140 g
5 Barley-R 14.09 11.39 2.70 2.02 1.19 60 h
6 Barley-L 13.33 10.38 2.95 2.19 1.32 2,880 b
7 Barley-M 13.21 10.46 2.75 2.08 1.10 2975a
8 Barley-H 12.91 10.59 2.32 2.13 1.29 2,775 ¢
9 Wheat-R 12.37 11.69 0.68 N ce. 60 h
10 Wheat-L 11.86 10.80 1.06 .. ... 1,850 f
Il Wheat-M 11.78 10.73 1.05 e .. 2,455d
12 Wheat-H 11.93 10.76 1.17 e ... 2,305¢e
13 No cereal (control) 9.32 9.12 0.20 ... e 60 h

*R = raw (unextruded), L = extruded low, M = extruded medium, and H = extruded high.
®TDF = total dietary fiber, IDF = insoluble dietary fiber, SDF = soluble dietary fiber.
¢ Total (1—3), (1—4)-linked B-p-glucan, calculated from the amount in the raw and extruded grains analyzed in triplicate by the method of McCleary

and Glennie-Holmes (1985).

“Soluble B-glucan, calculated from the amount in the grains using the method of McCleary and Glennie-Holmes (1985) after extraction of the

grains by the method of Aman and Graham (1987).
¢ Diet slurry viscosities at 37°C after 12 min (25% solids).

" Means in the same column not followed by the same letter are significantly different at P << 0.05.
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CONCLUSIONS

Extrusion processing of grains did not affect rat weight gains
or feed efficiencies. Extrusion enhanced the grains’ cholesterol-
lowering potential. Factors contributing to the greater hypocho-
lesterolemic effects of barley diets appear to be their higher total
and soluble B-glucan contents and higher viscosities compared
to the oat, wheat, and control diets; SDF may also be a factor.
The data support the hypothesis that dietary fibers may exert
their cholesterol-lowering effect, at least partly, through their
viscosity-raising properties.

LITERATURE CITED

AMAN, P., and GRAHAM, H. 1987. Content and solubility of mixed-
linked beta-(1—3),(1—4)-p-glucans in Swedish barleys and oats. Pages
480-488 in: Cereals in a European Context—First European Conference
on Food Science and Technology. I. D. Morton, ed. Ellis Horwood,
Ltd.: Chichester, England.

AMERICAN ASSOCIATION OF CEREAL CHEMISTS. 1983. Ap-
proved Methods of the AACC, 8th ed. Method 08-01, approved April
1961, revised October 1981; Method 30-25, approved April 1961, revised
October 1976, October 1981, and October 1991; Method 32-07, ap-
proved October 1991; Method 44-40, approved April 1961, reviewed
October 1976 and October 1982; Method 46-16, approved October 1988.
The Association: St. Paul, MN.

ANDERSON, J. W., and CHEN, W. L. 1979. Plant fiber. Carbohydrate
and lipid metabolism. Am. J. Clin. Nutr. 32:346.

ANDERSON, J. W., STORY, L., SIELING, B.,, CHEM, W.-J. L,
PETRO, M. S., and STORY, J. 1984. Hypocholesterolemic effects
of oat-bran intake for hypercholesterolemic men. Am. J. Clin. Nutr.
40:1146.

ANDERSON, J. W., DEAKINS, D. A., and BRIDGES, S. R. 1990.
Soluble fiber: Hypocholesterolemic effects and proposed mechanisms.
Pages 339-363 in: Dietary Fiber-Chemistry, Physiology, and Health
Effects. D. Kritchevsky, C. Bonfield, J. W. Anderson, eds. Plenum
Press: New York.

AOE, S., NAKAOKA, M, IDO, K., TAMAI Y., OHTA, F,, and
AYANO, Y. 1989. Availability of dietary fiber in extruded wheat bran
and apparent digestibility in rats of coexisting nutrients. Cereal Chem.
66:252.

BHATTACHARYA, M., and HANNA, M. A. 1988. Extrusion processing
to improve nutritional and functional properties of corn gluten.
Lebensm. Wiss. Technol. 21:20.

BJORCK, 1., ASP, N.-G.,, and DAHLQVIST, A. 1984a. Protein
nutritional value of extrusion-cooked wheat flours. Food Chem. 15:203.

BJORCK, I, ASP, N.-G., BIRKHED, D., and LUNDQUIST, I. 1984b.
Effects of processing on availability of starch for digestion in vitro
and in vivo. L. Extrusion cooking of wheat flours and starch. J. Cereal
Sci. 2:91.

DAVIDSON, M. H,, DUGAN, L. D., BURNS, J. H, and BOVA, J.
1991. The hypocholesterolemic effects of B-glucan in oatmeal and oat
bran: A dose-controlled study. J. Am. Med. Assoc. 265:1833.

FADEL, J., NEWMAN, R. K., NEWMAN, C. W., and BARNES, A.
E. 1987. Hypocholesterolemic effects of beta-glucans in different barley
diets fed to broiler chicks. Nutr. Rep. Int. 35:1049.

FISHER, H., and GRIMINGER, P. 1967. Cholesterol-lowering effects
of certain grains and of oat fractions in the chick. Proc. Soc. Exp.
Biol. Med. 126:108.

JENKINS, D. J. S., WOLEVER, T. M. S., LEEDS, A. R, GASSULL,
M. A, HAISMAN, P., DILAWARI, J., GOFF, D. Y., METZ, G. L.,

and ALBERTI, K. G. M. M. 1978. Dietary fibers, fiber analogues,
and glucose tolerance: Importance of Viscosity. Br. Med. J. 1:1392.

KAY, R. M., and TRUSWELL, A. S. 1980. Dietary fiber: Effects on
plasma and biliary lipids in man. Page 183 in: Medical Aspects of
Dietary Fiber. G. A. Spiller and R. M. Kay, eds. Plenum Press: New
York.

KIES, C. 1985. Non-soluble dictary fiber effects on lipid absorption and
blood serum lipid patterns. Lipids 20:802.

KLOPFENSTEIN, C. F., and CLEGG, R. E. 1980. Effects of ascorbic
acid, vitamin E, and fatty acids on lipid composition in cockerels.
Poultry Sci. 59:2267.

LOPEZ-GUISA, J. M., CHARNED, M. C., DUBIELIZIG, R., RAO,
S. C., and MARLETT, J. A. 1988. Processed oat hulls as potential
dietary fiber sources in rats. J. Nutr. 118:953.

McCLEARY, B. V., and GLENNIE-HOLMES, M. 1985. Enzymic
quantification of (1—3)(1—4)-B-p-glucan in barley and malt. J. Inst.
Brew. 91:285.

NEWMAN, R. K., NEWMAN, C. W,, FADEL, J., and GRAHAM, H.
1987. Nutritional implications of B-glucans in barley. Barley Genetics
V:773.

NEWMAN, R. K., NEWMAN, C. W., and GRAHAM, H. 1989. The
hypocholesterolemic function of barley B-glucans. Cereal Foods World
34:883.

NEWMAN, R. K., KLOPFENSTEIN, C. F.,, NEWMAN, C. W,
GURITNO, N., and HOFER, P. J. 1992. Comparison of the cholesterol-
lowering properties of whole barley, oat bran, and wheat red dog in
chicks and rats. Cereal Chem. 69:240.

OLSON, A., GRAY, G. M, and CHIU, M. 1987. Chemistry and analysis
of soluble dietary fiber. Food Technol. 41:80.

PERI, C., BARBIERI, R., and CASERAGI, E. M. 1983. Physical,
chemical and nutritional quality of extruded corn germ flour and milk
protein blends. J. Food Tech. 24:1290.

PHILLIPS, R. D. 1988. Effect of extrusion cooking on the nutritional
quality of plant proteins. In: Protein Quality and Effects of Processing.
R. D. Phillips and J. W. Finley, eds. Marcel Dekker: NY.

RALET, M.-C., THIBAULT, J.-F., and DELLA VALLE, G. 1990.
Influence of extrusion-cooking on the physico-chemical properties of
wheat bran. J. Cereal Sci. 11:249.

ROGEL, A. M., and VOHRA, P. 1983. Alteration of lipid metabolism
in Japanese quail by feeding oat hulls and brans. Poult. Sci. 62:1045.

ROSENTHAL, H. L., PFLUKE, M. L., and BUSCAGLIA, S. 1957.
A stable iron reagent for determination of cholesterol. J. Lab. Clin.
Med. 50:318.

SAS. 1985. SAS Users’ Guide: Statistics. SAS Institute: Cary, NC.

SHINNICK, F. L., LONGACRE, M. J, INK. S. L., and MARLETT,
J. A. 1988. Oat fiber composition versus physiological function in rats.
J. Nutr. 118:144.

VAHOUNY, G. V., TOMBES, R., and CASSIDY, M. M., KRITCHEV-
SKY, D., and GALLO, L. L. 1981. Dietary fibers VI. Binding of fatty
acids and monolein from mixed micelles containing bile salts and
lecithin. Proc. Soc. Exp. Biol. Med. 166:12.

WANG, W.-M., KLOPFENSTEIN, C. F., and PONTE, J. G., Jr. 1993.
Effects of twin-screw extrusion on the physical properties of dietary
fiber and other components of whole wheat and wheat bran and on
the baking quality of the wheat bran. Cereal Chem. 70:707-711.

WEISS, F. G., and SCOTT, M. L. 1979. Effects of dietary fiber, fat
and total energy upon plasma cholesterol and other parameters in
chicken. J. Nutr. 109:693.

WELCH, R. W., PETERSON, D. M., and SCHRAMKS, B. 1988.
Hypocholesterolemic and gastrointestinal effects of oat bran fractions
in chicks. Nutr. Rep. Int. 38:551.

[Received February 19, 1993. Accepted August 24, 1993.]

Vol. 70, No. 6, 1993 715



