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Lactating Holstein dairy cows, fitted with appropriate blood vessel catheters, were used in 

two cross-over experiments to investigate effects of feeding diets with 40% steam-flaked 

(28 Ib/bu; SF) vs dry-rolled (DR) sorghum (experiment 1; 8 cows), or 40% steam-flaked 

com grain (experiment 2; 6 cows) of different flake densities, 38 Ib/bu (SF38) vs 28 Ib/bu 

(SF28), on postabsorptive nutrient fluxes. Net uptake or output of glucose, L-lactate, 

volatile fatty acids (VFA) and P-hydroxybutyrate (BHBA) was measured across portal-

drained viscera (PDV), hepatic, splanchnic and mammary tissues. Compared to DR, 

feeding cows SF sorghum increased net PDV absorption of propionate by 25% (P = .08), 

tended to increase splanchruc output of glucose (+16%) and L-lactate (+80%; P < .20), 

but did not alter mammary glucose or L-lactate uptake. Sorghum processing did not affect 

net splanchnic or mammary metabolism of acetate and butyrate. Splanchnic output of 

BHBA was greater (P = .08), but mammary uptake was lower (P = .09) for cows fed DR 

vs SF diets. For cows fed com diets, hepatic synthesis of glucose was higher (3 .0 vs 2 .8 

kg/d; P = .04) for SF28 vs SF38. Flake density did not affect net splanchnic or mammary 

metabolism of acetate. For cows fed SF38, higher (P = .03) net PDV absorption of 

butyrate possibly inhibited hepatic gluconeogenesis from propionate, which might explain 

a higher (P = .10) hepatic uptake of L-lactate. Processing of com or sorghum did not alter 

estimated total net PDV absorption or total splanchnic output of energy. Net total PDV 

absorption of VFA tended to be greater for cows fed SF than DR (+17%, P = . 17), and 
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for SF38 than SF28 (+10%; P =15). Total mammary uptake of energy was not different 

for DR vs SF, but was greater for cows fed SF28 vs SF38, due mainly to increased uptake 

of glucose (+25%; P < .01). In both experiments, hepatic glucose synthesis was more than 

adequate for milk lactose production. These changes in partitioning of nutrients and 

estimated energy across portal-drained viscera, liver, total splanchnic, and mammary 

tissues may partially explain increased milk protein synthesis (in longer term lactation 

studies) by dairy cows fed more extensively processed com (SF28 ) and sorghum (SF) 

grain. 
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1. INTRODUCTION. 

Cereal grain starch has assumed major importance as the main dietary energy-

yielding ingredient for animals in intensive beef and dairy production systems in the 

developed countries. Feed grains are expensive and represent a competition between 

human and animals for available land and food resources. Therefore, optimization of feed 

efficiency is of prime importance for improved cost^enefit of animal agriculture and land 

productivity. The growing practice of feeding high-grain diets has stimulated increased 

research efforts to identify and control factors that impact the efficiency of grain starch 

utilization for productive animal functions. 

Com and sorghum are two closely related grains with similar starch content. Com 

is the most common feed grain for dairy cows in the U.S, although sorghum is priced 

competitively and can be successfully grown under a wider variety of conditions. The 

feeding value of unprocessed sorghum is lower than that of com due primarily to lower 

starch digestibility. However, when animals are fed more extensively processed sorghum, 

such as finely-ground or steam-flaked grain, there is usually substantial improvement in 

animal performance, as a result of increased ruminal and total tract starch digestibilities. 

Starch digestibility of com is also increased by more extensive processing but relative 

improvement is usually less dramatic compared to sorghum (Huntington, 1994; Theurer et 

al., 1996a,b). It might therefore be possible to increase profitability of beef and dairy 

production by increased use of more extensively processed sorghum. 

Site, rate and extent of starch digestion, as affected by grain processing, are 
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important determinants of feed efficiency, since they alter the patterns of production and 

absorption of metabolizable endproducts of digestion. Microbial fermentation of starch in 

the rumen yields volatile fatty acids, which constitute the main source of energy for the 

host animal, while digestion in the small intestine produces glucose. Net glucose 

absorption from the gut is usually negligible or negative due to extensive utilization by 

intestinal and ruminal tissues. Thus, hepatic gluconeogenesis is the main source of glucose 

for tissue metabolism in these animals. Energy availability in the rumen also affects 

protein nutrition of ruminants. Increased availability of energy from starch fermentation, in 

synchronization with nitrogen supply, in the rumen improves microbial protein presented 

to the small intestine and overall nitrogen retention of ruminant livestock (Spicer et al., 

1986; Zinn 1988, 1993a, b; Herrera-Saldana and Huber, 1989; Streeter et al., 1989; 

Herrera-Saldana et al., 1990a; Matras et al., 1991; Aldrich et al., 1993; Poore et al., 

1993a, Huntington, 1994; Theurer et al., 1996a,b). 

Over the past decade, several reviews on the effect of grain processing on starch 

digestibility and animal performance have been published (Orskov, 1986; Owens et al., 

1986; Rooney and Pflugfelder, 1986; Theurer, 1986; Croom et al., 1992, Harmon, 1992 

Kotarski et al., 1992; Theurer, 1992, Theurer, et al., 1996a, b). It is generally recognized 

that improved animal performance on high-grain diets is correlated with increased total 

tract starch digestibility, but there is some controversy over relationships between animal 

performance and ruminal versus intestinal starch digestibility. However, there is a 

growing consensus that higher efficiency of starch utilization depends more on a greater 
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proportion of the dietary starch being digested in the rumen rather than in the small 

intestine (Owens et al., 1986, Theurer, 1986; Huntington, 1994; Theurer et al., 1996a ). 

Owing to significant effects on starch digestibility, the method and extent of grain 

processing are important factors that contribute to the efficiency of milk production of 

cows fed diets containing a high proportion of com or sorghum grain. A better 

understanding of the effects of grain processing on ruminal starch digestion, animal 

performance and feed efficiency, requires further investigation of post-absorptive 

metabolism of the digestion end-products absorbed fi-om the gastrointestinal tract. 

Absorbed nutrients pass serially from the gut through the portal-drained viscera (PDV) 

and the liver. These splanchnic tissues play a dominant role in determining the patterns and 

quantities of various metabolites available to the mammary gland and the rest of the body 

(Huntington, 1990). 

In order to determine mechanisms by which extensive grain processing improves 

lactation performance, and predict animal responses from diet composition, quantitative 

data on the flux of nutrients across the PDV and liver on different dietary regimens are 

needed. Such data are lacking for the high-producing dairy cow in early lactation fed 

extensively processed grains. Thus, the objective of the experiments reported herein was 

to investigate effects of differently-processed com (steam-rolled vs steam-flaked) and 

sorghum (dry-rolled vs steam-flaked) grains fed in total mixed diets to early-lactating dairy 

cows on net PDV absorption, hepatic metabolism, total splanchnic output and mammary 

uptake of glucose, L-lactate, volatile fatty acids and p-hydroxybutyrate. 
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Grain Starch 

Starch accounts for 70 to 80% of the DM of common feed grains (Rooney and 

Pflugfelder, 1986) and is a high-energy dietary ingredient in intensive livestock 

production. It is present as highly organized semicrystalline granules in grain endosperm 

and consists of two major types of D-glucose polymers: amylose and amylopectin. In 

amylose, glucose is linked by a( 1 ->4) glycosidic bonds in linear unbranched chains with 

relative molecular weights of 900 to 3000. Amylopectin, with molecular weights of lO"* to 

10\ is a much larger highly branched polymer with a(l -*6) glycosidic bonds at branch 

points recurring 20 to 25 units along linear chains of a( 1 ->4)-linked glucose. Some 

starches may contain a small percentage of a third, poorly characterized component called 

"branched or intermediate" amylose (Rooney and Pflugfelder, 1986). 

In granular starch, amylose and amylopectin are held together by hydrogen bonds. 

The relative proportions of the two polymers in starch granules vary with grain species 

and cultivars. The amylose content ranges from 14 to 34% in starch of nonwaxy and 

heterowaxy grains, and is less than 1% in waxy starch. Crystalline regions of starch 

granules are composed primarily of amylopectin and are resistant to water penetration and 

enzyme attack. Amylose forms amorphous regions that permit free water movement and 

initial attack by amylase (Rooney and Pflugfelder, 1986). 

The structural composition of cereal starch has a profound impact on its 



digestibility. Other factors that affect starch digestibility include grain species, interactions 

of starch with lipids and proteins, and method and extent of grain processing (Rooney and 

Pflugfelder, 1986; Herrera-Saldana et al., 1990b). Digestion of starch is initiated in the 

amylose-rich amorphous regions and hydrolysis of crystalline regions occurs more slowly, 

but a higher proportion of amylose in grain is associated with lower starch digestibility 

(Rooney and Pflugfelder, 1986). This apparent paradox has not been fijlly explained but it 

has been suggested that an increase in intermolecular hydrogen bonding between 

amylopectin and amylose can restrict swelling and enzymatic hydrolysis of starch (Rooney 

and Pflugfelder, 1986). 

Starch granules in the endosperm of grains are enveloped in a protein matrix of 

variable degradability. In com and sorghum, these protein structures have low digestibility 

and therefore retard penetration by amylolytic enzymes. This contributes to the lower 

starch digestibility of these grains compared to wheat, barley and oats (Delfino, 1986). 

However, owing to its more resistant structure, sorghum grain requires more vigorous 

processing compared to com (Rooney and Pflugfelder, 1986) to dismpt both the protein 

matrix and the starch granules. 

Rumen Fermentation of Starch 

In ruminants, digestion of starch begins by microbial hydrolysis and fermentation in 

the rumen and continues in the small intestine by action of pancreatic and intestinal 

enzymes (Croom et al., 1992; Harmon, 1992, 1993; Kotarski et al., 1992, Huntington, 
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1994). Residual starch that reaches the large intestine is also subject to microbial 

fermentation, similar to digestion in the rumen. The proportion of dietary starch from feed 

grains digested at different sites of the gastrointestinal tract is variable and affected by 

several factors, but ruminal starch fermentation of unprocessed sorghum or com grain 

usually accounts for ~ 45 to 60% of dietary intake. Rumen starch fermentation of 

extensively processed grains (i.e. steam-flaked) is usually increased to 70 to 85% of intake 

(Owens et al., 1986, Theurer, 1986; Huntington, 1994; Theurer et al., 1996a,b). 

Nutritionally important end-products of ruminal digestion of starch, and other 

plant carbohydrates, are volatile fatty acids (VFA) and new microbial cells which are, 

respectively, major energy and protein sources for ruminants. Principal VFA from starch 

fermentation are acetate, propionate and butyrate, and these constitute the main pool of 

absorbed metabolizable energy for ruminants (Bergman, 1990; Huntington, 1990). Several 

important factors affect extent and pattern of ruminal starch fermentation with consequent 

variations in relative proportions of the different VTA produced. These include grain 

source, method of grain processing, ruminant species, diet composition and other factors 

that impact the composition and function of the microbial population in the rumen 

(Theurer, 1986; Huntington, 1994; Theurer et al., 1996a, b). 

Microbial digestion of cereal grains is a sequential process involving substrate-

specific colonization of material exposed by disrupted pericarps (McAllister et al., 1990, 

1994) and maximal starch digestion in the rumen is achieved by the integrated activities of 

several different species (Bergman, 1990; Huntington, 1994). Amylolytic ruminal bacteria 
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belong to several different genera; Bacieriodes, Eubacteriim, Streptococcus, Butyrivibrio, 

Ruminobacter, Selenomonas, Succinovibrio, Siiccinomonas and Lactobaccillus 

(Bergman, 1990; Kotarski et al., 1992). The major species are Bacteriodes amylophilus. 

Streptococcus bovis, Succinomonas amylolytica, Bacteriodes ruminocola and certain 

strains of Bacteriodes succinogens (Yokoyama and Johnson, 1988). These tend to 

predominate in animals fed high-grain diets, but some species, such as B. ruminocola, may 

become prevalent when low-starch diets are fed (Yokoyama and Johnson, 1988). Bacteria 

in the rumen may produce different, and multiple, amylolytic enzymes (Kotarski et al., 

1992), and this probably confers a mechanism for adapting to variations in substrate 

availability. Enzymatic and molecular details of microbial starch digestion are not fully 

understood, but available information indicate important interspecific differences (Kotarski 

et al., 1992). Differences in capacities to hydrolyze protein and cell wall polymers 

(Kotarski et al., 1992) probably contribute to observed interspecific differences in capacity 

to digest starch of different grains. 

Protozoa in the rumen ingest starch granules, soluble sugars, and small plant 

particles which they digest internally (Bergman, 1990; Hoover and Miller, 1992; Kotarski 

et al., 1992). Protozoa may also secrete enzymes that contribute to extracellular hydrolysis 

of plant polysaccharides (Hoover and Miller, 1992). Ingestion of carbohydrate by 

protozoa may decrease substrate availability for faster-growing bacteria, and alter the rate 

and extent of starch fermentation (Kotarski et al., 1992). Protozoal engulfment of liquid-

associated amylolytic bacteria may also affect rate of ruminal starch fermentation (Hoover 



and Miller, 1992). Mendoza et al. (1993) reported that elimination of ruminal protozoa 

from sheep fed a mixture of high-moisture com and dry-rolled sorghum resulted in greater 

ruminal starch digestion. Diets high in readily-fermentable starch cause a decrease in 

rumen pH (Orskov, 1986; Bergman, 1990) and, because protozoa are very sensitive to pH 

below 6.0 (Eadie et al., 1970; Hoover and Miller, 1992), it is unlikely that they modulate 

rate of ruminal starch fermentation to any appreciable extent in animals fed high-grain 

diets. 

Amylolytic bacteria produce extracellular a-amylase that degrades starch to 

maltose, which is then hydrolyzed by maitase to form glucose. Subsequent glycolytic 

catabolism yields pyruvate (Bergman, 1990), which is the common substrate for 

production of the different VFA from starch fermentation. Acetate and butyrate 

production share a common pathway through Acetyl-CoA, and are interconvertible. The 

conversion of acetate to butyrate in the rumen increases net yield of ATP for the 

microorganisms (Bergman, 1990). Propionate is formed via oxaloacetate and succinate, or 

by an alternative pathway procceeding through the formation of acrylate (Bergman, 1990). 

Condensation of acetate and propionate yields valerate, but this latter VFA is not usually 

present in any appreciable quantities in the nimen. Fermentation of amino acids produced 

by degradation of protein and peptides in the rumen yields much smaller amounts of 

acetate, propionate, butyrate and branched-chain VFA. The principal branched-VFA in the 

rumen are isobutyrate, isovalerate, and 2-methylbutyrate, which are derived from valine, 

leucine and isoleucine, respectively (Bergman, 1990). 
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Production and Absorption of VFA 

Production of VFA in the rumen vary with diet composition and time after feeding. 

Total VFA concentration increases with higher amounts of readily fermentable 

carbohydrates in the diet (Bergman, 1990). Molar ratios between VFA are also variable, 

but fairly stable for a given type of diet. Typical ratios of acetate; propionate; butyrate are 

approximately 65; 25; 10 for roughage diets, and 50; 40; 10, for concentrate diets (Owens 

and Goetsch, 1988). However, unusually high molar percent of butyrate in the rumen, 

with the possible involvement of protozoa, have been reported (Eadie et al., 1970). On 

diets high in readily-fermentable starch, there is usually an increase in propionate 

production relative to acetate, and this is associated with rapid fermentation, causing an 

increased acidity that favors propionate-producing organisms (Bergman, 1990). Low 

rumen pH also promotes lactic acid production with further increase in propionate 

formation. This effect of lower pH on VFA production patterns is partially due to an 

adverse impact on methanogenic bacteria (Owens and Goetch, 1988). 

Volatile fatty acids are passively absorbed across the rumen wall at rates influenced 

by factors such as pH, concentration of VFA, and ruminal osmolality (Hoover and Miller, 

1992). The VFA have pK values around 4.8 ( Bergman, 1990) and, when rumen pH 

decreases below 6.0, as may occur with feeding of high-grain diets, the degree of 

ionization of the VFA decreases. This increases the rates of absorption, because the acids 

are most rapidly absorbed in their unionized form (Hoover and Miller, 1992). The rates of 

absorption of the VFA vary with molecular size and, between pH 4.5 and 6.5, are in the 



order: butyrate > propionate > acetate (Hoover and Miller, 1992; Britton and Krehbiel, 

1993). VFA absorption also occurs postruminally, particularly from the large intestine, but 

ruminal absorption accounts for most of the total VFA flux across the portal-drained 

viscera (PDV). Reynolds and Huntington (1988b) reported that 85 to 100% of total net 

absorption of VFA occurred from the forestomach of steers fed chopped lucerne or 

pelleted concentrate containing ground com. 

A substantial fraction of the VFA from the rumen is metabolized by the ruminal 

mucosa during absorption (Bergman, 1990; Huntington, 1990; Reynolds et al., 1994). 

Acetate and propionate metabolism yields energy and other by-products; some butyrate is 

converted to ketone bodies (primarily 3-hydroxybutyrate; BHBA) which are available for 

tissue metabolism. The relative extents of ruminal mucosal metabolism for acetate, 

propionate and butyrate are in opposite order of their relative molar concentrations in the 

rumen (Hoover and Miller, 1992). Thus, net portal absorption, which is the net transfer of 

VFA from the gut to the portal blood, does not parallel actual production rates of the 

different VFA in the rumen (Bergman, 1990, Reynolds et al., 1994). From data of beef 

cattle and sheep, it has been estimated that approximately 30, 50 and 90%, respectively, 

of intraruminal production of acetate, propionate and butyrate are metabolized during 

absorption across the rumen wall (Bergman, 1990, Britton and Krehbiel, 1993). It is not 

known whether similar relationships between ruminal availability and net PDV absorption 

of VFA apply to high-yielding, lactating dairy cows (Reynolds et al., 1994). Bergman 

(1990) suggested that rumen epithelial metabolism of propionate may be considerably less 
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for cattle compared to sheep. 

Metabolism of VFA by Body Tissues 

Ir\ ruminants, VFA and BHBA constitute the major pool of energy absorbed across 

the PDV. For lactating dairy cows fed a 60:40 roughage: concentrate diet, Reynolds et al. 

(1988b) estimated that these metabolites account for 64% of measured net PDV energy 

absorption. The VFA absorbed from the gastrointestinal tract are metabolized by the liver 

and peripheral tissues with some important differences in metabolism among individual 

compounds. Water-soluble endproducts of digestion that are absorbed from the 

gastrointestinal tract pass serially from the portal-drained viscera (PDV) directly to the 

liver. In ruminants, the liver functions as a major regulator of nutrient delivery to the rest 

of the body. Hepatic metabolism of absorbed nutrients alters the forms and quantities in 

which absorbed metabolites are available to extrahepatic tissues (Bergman, 1990; 

Armentano, 1992; Beitz, 1992; Reynolds et al., 1994). 

The ruminant liver has low acetyl-CoA synthetase activity and usually does not 

utilize portal acetate to any appreciable extent. Variable quantities of acetate are produced 

by the liver and, in lactating cows and sheep, hepatic acetate production usually exceeds 

any possible utilization, resulting in a net release of acetate from the liver to extrahepatic 

tissues (Bergman, 1990; Armentano, 1992). However, peripheral tissues produce the 

major fraction of endogenous acetate in ruminants (BickerstafFe and Annison, 1974; 

Bergman, 1990). Acetate is the main carbon source for lipogenesis in ruminants and is also 



oxidized extensively for energy generation. It is readily used for synthesis of short- and 

medium-chain fatty acids up to, and including some, palmitate, and accounts for 25 to 

50% of total milk triglycerides produced by lactating dairy cows (Bickerstaffe and 

Annison, 1974; Bergman, 1990). A substantial fraction (>25%) of mammary uptake of 

acetate is oxidized to COj (Bergman, 1990), reflecting its importance as an energy 

substrate. 

Absorption of propionate from the gut is the only source of net propionate gain in 

animals, and is of special significance for ruminants because propionate is, quantitatively, 

the single most important substrate for gluconeogenesis (Bergman, 1990; Armentano, 

1992). Hepatic gluconeogenesis is the main source of glucose for tissue metabolism in 

ruminants and provides practically all glucose required for milk production by dairy cows 

(Elliot, 1976; Huntington, 1990). More than 90% of net portal appearance of propionate 

is cleared by the liver of lactating dairy cows (Reynolds et al., 1988b, 1994; Armentano, 

1992). In ruminants, hepatic synthesis of glucose from propionate is a preferred pathway, 

and is relatively insensitive to some factors that regulate gluconeogenesis from other 

substrates such as L-lactate (Armentano, 1992; Eisemann and Huntington, 1994; Danfaer 

et al, 1995). Hepatic clearance of portal propionate remains relatively constant, and is not 

influenced by increased availability of other glucogenic substrates or glucose to the liver 

(Baird et al., 1980; Armentano, 1992; Reynolds et a!., 1994). The conversion of 

propionate to glucose by the ruminant liver is variable, and appears to depend on 

requirement of splanchnic supply relative to systemic demand for glucose (Baird et al., 



1980; Annentano, 1992). Increased availability of propionate decreases the hepatic 

utilization of other substrates for gluconeogenesis (Armentano, 1992; Casse et al., 1994; 

Reynolds et al., 1994; Danfaer et al., 1995). However, butyrate inhibits conversion of 

propionate to glucose by ruminant liver tissue (Aiello and Armentano, 1987). 

Hepatic clearance of portal butyrate is lower than for propionate, but the quantities 

of butyrate that passes to the general circulation is very low. The liver converts butyrate to 

butyryl-CoA which is then rapidly converted to acetyl-CoA, longer chain fatty acids, or to 

ketone bodies (Katz and Bergman, 1969b; Bergman, 1990). Gut tissues also produce 

ketone bodies and the relative contributions of hepatic and ruminal ketogenesis to the 

circulating pool of ketone bodies vary nutritional status (Huntington, 1990). Alimentary 

ketogenesis is of greater importance in fed ruminants, and hepatic production accounts for 

most of the ketone bodies in fasted animals (Katz and Bergman, 1969b; Huntington, 

1990). 

Postruminal Starch Digestion; Glucose Absorption 

In contrast to ruminal fermentation, digestion of the starch in the small intestine yields 

glucose as the absorbable endproduct. However, in ruminants, net absorption of glucose 

from the gastrointestinal tract is usually negative, indicating greater gut extraction of 

glucose from arterial supply than absorption into the portal venous blood. Studies with 

dairy cows fed normal diets indicate no net glucose absorption from the gut (Lomax and 

Baird 1983; Reynolds et al., 1988a, Huntington, 1984). Feeding of high-grain diets. 



decreases the magnitude of the negative flux, or may result in a small net positive 

absorption (Reynolds and Huntington, 1988a; Reynolds et al., 1994). The liver and PDV 

tissues have disproportionately high energy requirements and, account for nearly half the 

oxygen consumption in lactating dairy cows (Huntington, 1990; Reynolds et al., 1994). In 

contrast to nonruminants, where gut tissues metabolize substantial amounts of glutamine 

but very little glucose, intestinal tissues of lactating dairy cows metabolize glucose to a 

greater extent than glutamine for energy (Okine et al, 1994, 1995). It appears that this 

preference for glucose is established in early development of the ruminant. Burrin et al. 

(1991) reported no net PDV utilization of glutamine in lambs fed either ^ libitum or 

restricted to a maintenance diet. 

It has been argued that, because fermentation results in substantial loss of energy, 

starch in feed grains would be more efficiently utilized if a greater fraction of dietary 

intake is digested in the small intestine (Nocek and Taminga, 1991). Increasing the 

quantity of starch digested in the small intestine would increase the quantity of glucose 

available for absorption and, theoretically, increases net portal appearance of glucose. 

However, it appears that increases in net portal appearance of glucose, in response to 

increased quantities of starch presented to the small intestine, may be restricted by 

apparent limitations to starch digestion or glucose absorption at the intestinal level (Owens 

et al., 1986, Nocek and Taminga, 1991; Harmon 1992; Huntington, 1994). Kriekemeier et 

al. (1991) reported linear increases in net portal appearance of glucose with increased rate 

of abomasl infusion of glucose in steers. In the same study, net portal appearance of 
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glucose did not show a similar linear relationship to rate of abomasal starch infusion, 

apparently due to incomplete intestinal starch hydrolysis at higher rates of infusion rather 

than to inadequate glucose transport. Similarly, Huntington and Reynolds (1986) found 

that abomasal infusion of glucose, but not starch, resulted in a net positive absorption of 

glucose by dairy cows fed a 60:40 com silage.concentrate diet. The apparent limitations to 

intestinal starch digestion indicated by these findings imply that, although energetically 

more efficient, quantitative limitations to intestinal digestion of starch would limit total 

energy absorption by cattle fed high-grain diets if greater quantities of starch are presented 

to the small intestine. 

The reasons for limitations to intestinal starch digestibility in ruminants are not 

clear, but possible limitations in enzymatic capacity or glucose transport have been 

addressed (Orskov 1986; Owens et al., 1986, Nocek and Taminga, 1991; Huntington, 

1994). Pancreatic amylase is the key enzyme in intestinal starch digestion but, in 

ruminants, pancreatic secretion is apparently not regulated by some of the neuro-endocrine 

factors that operate in other species (Croom et al., 1992). Amylase secretion seems to 

correlate with intake of energy, rather than starch (Harmon, 1993) and to amount of 

protein flowing to the duodenum (Gerald Huntington, personal communication). Orskov 

(1986) suggested that both enzymic availability and absorptive capacity might be limiting 

for small intestinal starch digestion in ruminants. Owens et al. (1986) suggested that, with 

typical diets fed to feedlot cattle, enzymatic capacity may not be limiting for intestinal 

starch digestion. However, Gerald Huntington (personal communication) upholds that 
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amylase secretion is the primary reason for incomplete starch digestion in the small 

intestine and that capacity for active transport of glucose does not appear to be a limiting 

factor. 

Grain Processing 

Cereal grains with an intact pericarp are resistant to bacterial attachment and, 

consequently, en2ymatic degradation in the rumen ( Rooney and Pflugfelder, 1986; 

Beauchemin et al., 1994; McAllister et al, 1994). Disruption of the pericarp, by 

mastication or various processing methods, facilitates ruminal and postruminal digestion of 

grain starch. Whole, unprocessed grains are utilized with different efficiencies by different 

ruminant species. Sheep chew feed more thoroughly than cattle, and therefore digest 

whole grains to a greater extent. To improve starch digestibility and animal performance, 

feed grains for cattle are processed by a variety of methods that employ various 

combinations of heat, moisture and mechanical force to alter particle size and structural 

characteristics, resulting in greater surface area of exposed starch granules and increased 

susceptibility to enzymatic degradation. 

Processing methods may be broadly classified as either physical or chemical. 

Physical methods employ mechanical force to break, crack, grind, roll or pellet grains in 

the dried form, resulting in smaller particle size and greater surface area of exposed grain 

endosperm for digestive action. Physicochemical methods, such as steam-rolling and 

steam-flaking, involve application of heat and moisture in combination with mechanical 

force to produce a more extensively processed product. The combination of processing by 
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moist heat and reduced particle size has a synergistic effect on starch digestibility 

(Theurer, 1986; Nocek and Taminga, 1991). 

Dry-rolling of sorghum grain for feedlot cattle has been common practice for a 

long time. However, steam-processed sorghum has consistently increased performance of 

feedlot cattle and dairy cows (Owens et al., 1986; Theurer, 1986; Theurer et al., 1996a,b ) 

and, over the years, has increasingly replaced dry-rolled grains in feedlot cattle production. 

Utilization of steam-processed grains for dairy cows has been much slower but, in recent 

years, interest in steam-processed com and sorghum has grown very rapidly. 

Steam processing of com and sorghum grain for cattle maybe divided into two 

categories: steam-rolling and, steam-flaking. In steam-rolling, grain is usually steamed for 

15 min or less and then crushed between rollers to produce a thick flake with bulk density 

of- 36 to 42 Ib/bu (Theurer et al., 1996b ). Steam-flaking is a more extensive processing 

method, and consists of steaming the grain for 30 to 60 min before passing it between 

rollers adjusted for desired flake thickness (Theurer et al., 1996b). Thinner flakes have 

lower bulk densities and represent more extensive processing. Optimal processing 

conditions and bulk densities differ among steam-flaked grains. Excessively steam-

processed grains can have detrimental effects on feed intake and animal performance 

(Zinn, 1990; Moore et al. 1992; Theurer, 1992; Plascencia and Zinn, 1996). Flake 

densities between 25 to 30 Ib/bu have been suggested as optimal for steam-flaked com and 

sorghum for feedlot and dairy cattle (Theurer, 1992; Plascencia and Zinn, 1996; Theurer 

et al., 1996b). 
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Grains processed by application of moist heat undergo variable degrees of starch 

gelatinization (Rooney and Pflugfelder, 1986; Kotarski et al., 1992). Gelatinization refers 

to irreversible loss of native structure of granular starch when intermolecular hydrogen 

bonds in crystalline regions are disrupted. During this process, starch granules absorb 

water, swell, release amylose and amylopectin, and become more susceptible to enzyme 

degradation (Rooney and Pflugfelder, 1986, Nocek and Taminga, 1991; Kotarski et al., 

1992). Starch gelatinization requires the presence of water, and limited free water can 

result in adequate gelatinization during steam-flaking (Rooney and Pflugfelder, 1986). 

Gelatinization improves digestibility of starch but can also lead to formation of indigestible 

starch-protein complexes (Thome et al. 1983). 

Several comprehensive reviews (Kale, 1973; Orskov, 1976; Owens et al., 1986, 

Rooney and Pflugfelder, 1986; Theurer, 1986, Huntington, 1994; Theurer et al., 1996a,b) 

document positive effects of grain processing on starch digestibility and production 

performance of ruminant livestock. Benefits vary between animal species, grain sources 

and processing methods. Cattle are more responsive than sheep to processed grain. This is 

explained by the more extensive mastication by sheep that effectively disrupt grain 

pericarp, and expose more surface area of endosperm and starch granules for microbial 

attachment and enzymatic hydrolysis. Ingestive mastication has a profound effect on 

digestibility of com in cattle (Beuchemin et al, 1994). 

Among grain sources, processing effects are more significant for sorghum and 

com, and much less important for wheat, barley and oats. Normal sorghum grain has a 
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more resistant structure than com, and requires more vigorous processing to dismpt 

protein matrices and promote gelatinization of granular starch. However, waxy and 

heterowaxy sorghum cultivars have better processing properties and higher starch 

digestibility than normal sorghum (Hibberd et al., 1982; Rooney and Pflugfelder, 1986) 

and can potentially become more important feed grains. Steam-flaking of waxy sorghum 

varieties might require much less energy for equal feeding value than nonwaxy types 

(Rooney and Pflugfelder, 1986). Chen et al. (1994) noted that similarly-processed steam-

flaked (28 Ib/bu) sorghum and com resulted in similar lactation performance by dairy 

cows. Mitzner et al. (1994) reported that finely ground sorghum grain supports similar 

milk yield and composition obtained by feeding ground com to lactating Holstein cows in 

early- or mid-lactation. Similar digestibility of isolated starch from waxy sorghum and com 

was reported by Hibberd et al. (1982). Thus, it appears that effectiveness of sorghum grain 

processing depends primarily on destmction of resistant protein matrices enveloping starch 

granules, thereby permitting greater accessibility to amylolytic attack on starch. 

Generally, processing of feed grains improve mminal, postmminal, and total tract 

starch digestion by cattle but extent and site of maximal starch digestion vary between 

processing methods (Owens et al., 1986; Theurer, 1986; Nocek and Taminga, 1991; 

Huntington, 1994; Theurer et al., 1996a,b ). Particle size and specific gravity determine 

pasage rate of feed particles through the gastrointestinal tract and, consequently, site and 

extent of starch digestion. Ruminal and total tract starch digestion are lower for whole or 

coarsely cracked com compared to more finely ground com (Theurer, 1986; Nocek and 
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Taminga, 1991; Theurer et al., 1996b). Smaller particle size increases surface area for 

microbial attachment and enzymatic attack, but have higher passage rates which can 

decrease the percentage of dietary starch digested in the rumen. However, Yu (1996) 

reported that total tract starch digestibility of finely-ground com was higher than for 

coarse com, but equal to steam-flaked com (361 g/L), fed as 40% of DM in TMR to 

lactating dairy cows. 

Response of Dairy Cows to Steam-Flaked Com and Sorghum 

Effects of steam-flaking of com and sorghum grain fed as 35 to 43% of DM in 

TMR to lactating dairy cows have been investigated in several studies at the University of 

Arizona (Moore et al., 1992; Oliveira et al., 1993; Poore et al., 1993b; Theurer et al., 

1991b; Chen et al., 1994; 1995; Yu et al., 1995; Simas et al., 1995; Santos, 1996; Yu, 

1996). In a summary of 24 comparisons, Theurer et al. (1996b) noted that steam-flaking 

(~ 360 g/L or 28 Ib/bu) compared to dry-rolling of sorghum grain increased milk yield 

(5%), efficiency of conversion of feed to milk (5%), milk protein content (.07 percentage 

units), and milk protein yield (8%). Steam-flaking of sorghum grain consistently decreased 

milk fat content (5%) but did not alter milk fat yield. A similar summary of four 

comparisons for com diets, showed that steam-flaking (360 g/L or 28 Ib/bu) compared to 

steam-rolling (489 g/L or 38 Ib/bu), had similar effects on milk yield, milk protein content, 

milk protein yield, milk fat content and milk fat yield. Chen et al. (1994) noted similar 

lactation performance by dairy cows fed steam-flaked sorghum compared to steam-flaked 
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com grain. 

Steam-flaking of sorglium and com increased ruminal and total tract starch 

digestion in dairy cows. Theurer et al. (1996b) reported an average increase of -40%, 

20%, and 10%, respectively, for ruminal, postmminal (percent of amount entering small 

intestine), and total tract starch digestibility for steam-flaked compared to dry-rolled 

sorghum grain. Yields of milk and milk protein were positively correlated with total tract 

starch digestion. Ruminal and total tract starch digestibilities were also increased in dairy 

cows fed more extensively steam-processed com (Chen et al., 1994 ; Plascencia and Zinn, 

1996). 

Energy availability is critical to growth of mminal bacteria, and diets containing 

readily degradable carbohydrate and nitrogen increase bacterial nitrogen flow to the small 

intestine (Herrera-Saldana et al., 1990a; Aldrich et al., 1993). Several studies reported 

higher flows of microbial protein fi-om the rumen of steers consuming processed com or 

sorghum grain with higher ruminal starch digestibility compared to less extensive 

processing, or lower starch digestibility (Theurer et al., 1996a ). Steam-flaking of sorghum 

and com grain increases urea recycling to the mmen of dairy cows (Delgado et al., 

1996a,b) which, as a result of increased microbial protein flowing to the small intestine, 

might explain increased milk protein synthesis noted in lactation studies with more 

extensively com and sorghum grain (Theurer et al., 1996b). 

Feeding lactating dairy cows diet with steam-flaked sorghum increased calculated 

net energy of lactation (NEJ by about 20% compared to dry-rolled sorghum (Theurer et 
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al., 1991b; Chen et al., 1994; Simas, 1995). Compared to steam-rolled com, Chen et al. 

(1994) reported a 6% increase in NE^ for cows fed steam-flaked com in a lactation trial. 

Plascencia and Zinn (1996) compared differently-processed com in a metabolism trial, and 

reported a much higher increase (33%) in NEl for cows fed steam-flaked compared to 

dry-rolled com. 

Increased digestibility of starch in the rumen alters the pattern of VFA production, 

with increased production of propionate relative to acetate. Several studies reported 

higher propionate concentration in the rumen of dairy cows fed more extensively-

processed com and sorghum grain (Moore et al., 1992; Oliveira et al., 1993; Poore et al., 

1993b; Mitzner et al., 1994; Plascencia and Zinn, 1996). Tendencies for increased net 

absorption of acetate and propionate have been reported for steers fed steam-flaked 

sorghum compared to dry-rolled sorghum grain (Theurer et al. 1991a). Increased ruminal 

and total tract starch digestibility, and increased absorption of VP A, could account for 

improved lactation performance of dairy cows fed steam-flaked sorghum and com grain 

(Theurer, 1992). 

Summary 

Grain starch is the main component of cereal grains and is the major dietary source 

of energy in ruminants fed high-grain diets. Microbial fermentation of starch in the rumen 

yields volatile fatty acids (VPA) which form the major pool of metabolizable energy 

absorbed from the ruminant gastrointestinal tract. Net portal appearance of glucose is 



usually negligible or negative, and ruminants depend primarily on hepatic gluconeogenesis 

to meet glucose requirements. Quantitaitvely, propionate produced in the rumen is the 

single most important glucogenic precursor in ruminants and increased ruminal digestion 

of starch increases propionate production relative to acetate. A substantial fraction of 

ruminal VFA production is metabolized by tissues of the portal-drained viscera (PDV). 

Metabolism of absorbed endproducts of digestion by splanchnic tissues (PDV + liver) 

plays a dominant role in determining the form and quantity in which various nutrients are 

available to extrasplanchnic tissues. 

Ruminal and total tract starch digestibility of com and sorghum grain are increased 

by steam-flaking, which is more extensive processing, compared to steam-rolling or dry-

rolling. Steam-flaking of com and sorghum grain fed to dairy cattle increases yields of 

milk and milk protein. To foster a better understanding of the mechanism for these 

performance responses, effects of grain processing on post-absorptive nutrient metabolism 

in lactating dairy cows need to be investigated. 



3. NET ABSORPTION, HEPATIC METABOLISM, SPLANCHNIC OUTPUT, AND 

MAMMARY UPTAKE OF GLUCOSE, L-LACTATE AND VOLATLE FATTY ACIDS 

IN LACTATING DAIRY COWS FED DRY-ROLLED OR STEAM-FLAKED 

SORGHUM GRAIN 

INTRODUCTION 

Sorghum grain has similar starch content as com grain but lower feeding value due 

to lower protein and starch degradability ( Rooney and Pflugfelder, 1986). Steam-

processing of sorghum grain substantially improves digestibility of sorghum starch by 

cattle. Compared to dry-rolling, steam-flaking is a more extensive processing method and 

consistently improves ruminal and total tract starch digestibility and animal performance 

by beef and dairy cattle fed sorghum grain-based diets (Theurer, 1986, Theurer et al., 

1996a,b). High- yielding dairy cows require abundant supplies of energy and protein. 

Increased fermentation of starch in the rumen increases volatile fatty acid (VFA) 

production, and flow of microbial protein to the small intestine. The increased availability 

of energy and protein on diets based on more extensively processed grains fed to dairy 

cows results in increased milk yield, milk protein yield and milk protein (Theurer et al., 

1996b). 

Digestion endproducts absorbed from the gut pass in series from the portal-

drained-viscera (PDV) to the liver. The PDV includes the gastrointestinal tract, pancreas, 

spleen, and mesenteric and omental fat. Metabolism of absorbed nutrients by tissues of the 



PDV and liver play a dominant role in nutrient delivery to extrahepatic tissues, and 

determine the profile of metabolites available to the mammary gland for milk synthesis. 

Energetic requirements of the PDV and liver are very high, and a substantial fi^action of 

ruminal VFA production is metabolized during absorption (Bergman, 1990; Huntington, 

1990). 

Acetate and propionate are the predominant VFA absorbed by the PDV and, 

together represent about 45% of net absorption of energy by lactating Holstein cows 

(Reynolds and Huntington, 1988b). Glucose is essential for milk production, and milk 

yield is a function of glucose availability to the mammary gland (Kronfeld, 1982). In 

ruminants, net absorption of glucose from the gastrointestinal tract is usually negative or 

zero, and hepatic gluconeogenesis supplies most of the glucose for milk synthesis 

(Reynolds et al., 1994). Propionate is a major substrate for hepatic glucose production, 

and hepatic clearance of portal propionate is usually more than 90 percent (Lomax and 

Baird, 1983), L-lactate, obtained by gut absorption and from endogenous tissue 

metabolism, can also be used for gluconeogenesis, but ruminant hepatic conversion of 

L-lactate to glucose is decreased by increased availability of propionate (Bergman, 1990; 

Armentano, 1992). 

In order to predict animal responses to differently-processed grains, quantitative 

data on nutrient absorption and post-absorptive metabolism for different dietary regimens 

are needed. Such data is lacking for early lactating dairy cows fed steam-flaked versus dry-

rolled sorghum grain. The objective of this experiment was to investigate the effects of 



feeding lactating cows diets containing steam-flaked or dry-rolled sorghum on net 

absorption by the PDV, hepatic metabolism, splanchnic output, and mammary uptake of 

glucose, L-lactate, volatile fatty acids and p-hydroxybutyrate (BHBA). . 



MATERIALS AND METHODS 

Animals and Diets 

Eight early-lactating (86 ± 5 DIM) Holstein cows (six first-lactation; two second-

lactation) were used in a cross-over design to determine net nutrient fluxes across 

splanchnic and mammary tissues. Approximately 30 d postpartum, cows were surgically 

fitted with chronic indwellng blood vessel catheters resident in portal, hepatic, and two 

mesenteric veins, and a mesenteric artery to facilitate measurement of blood flow and net 

flux of metabolites across PDV, liver, and total splanchnic (PDV + liver; SPL) tissues. Net 

PDV flux estimates net nutrient appearance across the PDV which is the amount of 

nutrient absorbed into the portal blood minus the amount of nutrients used by the PDV 

The SPL output of nutrients equals the net amounts absorbed across PDV plus the 

amounts released by the liver. Thus, SPL output represents the amounts of nutreints 

available for metabolism by mammary and other tissues. 

Materials and procedures for preparation of catheters, surgery and animal care 

were as described by Huntington et al. (1989). Description of catheters, and sources of 

materials are given in Appendix A. Experimental protocol, including protocols for 

presurgical, surgical, and postsurgical animal care were approved by the University of 

Arizona Institutional Animal Care and Use Committee (Approval # 94-128-87). Cows 

were sedated, intubated, and anesthesized for surgery as outlined in Appendix B. Animals 

were allowed to recover ft-om surgery for at least 3 wk, and to return to normal feeding, 

before initiating the experiment. Ten cows were fitted with catheters, but one died soon 



after surgery and another was excluded due to recurrent illness. Two other cows later lost 

patency of the mesenteric artery catheter but were retained in the experiment, after 

insertion of a substitute catheter in a costoabdominal artery with cows standing and under 

light sedation and local anesthesia (Haibel et al., 1989). This latter procedure should be 

considered as a viable site for arterial catheter placement. Three cows did not have patent 

hepatic catheters for the duration of the trial. An additional catheter was inserted in a 

subcutaneous abdominal (mammary) vein in each cow at least 1 d before blood sampling. 

Cows were housed in partially-shaded individual pens (-3 .5 x 8m) fitted with 

automatic watering cups, and a fan and water-sprinkler cooling system. Near the feed 

bunk, pen floors were concrete (~ 3.5 x 3.5 m or 12' x 12') covered with ~ 8 cm (or 3") 

cottonseed hulls; the rest of the pen floor was dirt. Cows were placed in the pens for 

several days prior to initiating the experiment. Except for the first two days in the pen, 

observations indicated little, if any, cottonseed hulls were consumed. 

Cows were fed total mixed rations (TMR) to meet NRC (1989) requirements for 

NEl, CP, NDF, Ca and P. The TMR contained 39% alfalfa hay and 40% grain (Table 1), 

and were offered at 10% in excess of appetite for ad libitum consumption. Feeding was 

done twice daily at 0700 and 1900 h, and orts were removed and weighed before morning 

feeding to determine feed intake. Treatment diets differed only in the method of 

processing of sorghum grain:(l) dry-rolled (DR) and (2) steam-flaked (SF; 360 g/L or 

28 Ib^u flake density). Dry-rolled sorghum was obtained by passing whole grain through 

large rollers (46 x 61 cm or 18 x 24") adjusted to produce a coarsely ground product 
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(.64 kg/L or over 50 lb^u flake density). Steam-flaked sorghum was prepared by 

steaming the whole grain for about 40-60 min in a vertical chamber to raise moisture level 

to ~ 18 to 20%, then flaking through the same large rollers to a final density of .36 kg/L 

(or 28 Ib/bu). The TMR were prepared on the same day the grain was processed using a 

mixer wagon. 

Cows were milked twice daily at 0600 and ISOOh, and milk yield was recorded for 

each milking for each cow. Treatment milk yields were based on 5 d. Experimental periods 

averaged 18 d between treatments. Cows were fed experimental diets at least 9 d (mean = 

16 d) prior to sampling blood for 1 d for each cow on each diet. 

Samples of milk, feed offered, and orts recovered were taken for 4 d prior to, and 

on blood sampling day. Milk samples for each cow on each diet were composited by day 

for analysis at the Arizona DHIA laboratory in Phoenix, AZ for fat, protein, lactose, and 

total solids by infrared procedures (Foss 360; Foss Technology, Eden Priarie, MN). 

Content of SNF was calculated by difference between total solids and fat. Samples of feed 

and orts were composited for each cow on each diet and analyzed for DM according to 

AO AC (1990); starch by the procedure of Poore et al. (1993b); ADF and NDF by the 

procedure of Robertson and Van Soest (1981); and crude protein according to AO AC 

(1990) using a digestor (Tector®, Hogans, Sweden) and N autoanalyzer (Analyzing 

Technologies, Elmsford, NY). 
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Blood Sampling and Analyses 

On one blood sampling day for each cow on each dietary treatment, a 10% 

(wt/vol) sterile aqueous solution of /7-aminohippuric acid (PAH; Sigma A-1422, Sigma 

Chemical Co, St. Louis, MO), adjusted to pH 7.4, was infused into one mesenteric vein, 

and 6 sets of simultaneous blood samples were drawn, at 2-h intet^^als from 0600 to 

1600 h, from the mesenteric (or costoabdominal artery), and portal, hepatic and mammary 

veins. Infusion of PAH, using a microprocessor-controlled pump (Model 22, Harvard 

Instruments, Cambridge, MA), consisted of a priming dose of 12.5 ml/min for 3 min 

followed by a regular, continuous rate of 2.5 ml/min (15,000 mg/h), starting at least 40 

minutes before, and continuing until end of collection of each set of blood samples. Blood 

samples were collected into prelabeled 9-ml heparinized tubes (Sarstedt, Numbrecht, 

Germany) and immediately placed on ice until analyses for PAH, glucose and L-lactate 

were completed (usually within 2 h of collection). 

Fresh individual blood samples were analyzed for PAH, glucose and L-lactate. The 

PAH concentrations were determined as described by Eisemann et al. (1987) using an 

autoanalyzer (Bran and Luebbe). Concentrations of glucose and L-lactate in whole blood 

were determined by automated analyses ( YSI Model 2700, Yellow Springs Instruments, 

Yellow Springs, Ohio). Analyses of volatile fatty acids (VFA) and P-hydroxybutyrate 

(BHBA) were conducted using composite samples within sampling site, from equal 

aliquots of individual samples stored frozen (-80° C), for each cow and each diet. Samples 

were deproteinized and prepared for chromatographic analysis using cation and anion 
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exchange columns according to the procedure decribed by Reynolds et al. (1986), with the 

following modifications: internal standard (ISTD) was added to the supernatant after the 

deproteinization step; 0.5ml of IM tris buffer was added to the ISTD and supernatant 

mixture to stabilize pH at 6.7 to 6.8, and 10ml of lOmM NaOH in 10% ethanol was used 

as eluent to improve recovery of ISTD and VFA from the anion exchange column. 

Determination of individual VFA and BHBA concentrations was by gas-liquid 

chromatography (VA 3300; Varian Associates Inc., Walnut Creek, CA) using a packed 

glass column (Carbopak B-DA 4% Carbowax, 20M; Supelco, Inc., Bellefonte, PA) with 

injector, column and detector temperatures set at 200, 175, and 230 "C, respectively, 

Calculations and Statistical Analysis 

Blood flows were determined by downstream dilution of infused PAH (Katz and 

Bergman, 1969a). Within cow and diet, the mean venoarterial (V-A) concentration 

difference of a metabolite was multiplied by the mean blood flow rate to determine net flux 

(absorption, uptake, synthesis or release) of that metabolite by PDV, liver, SPL and 

mammary tissues, as described by Brockman and Bergman (1975). Hepatic flux of a 

metabolite was determined by the difference between PDV and SPL net fluxes. Hepatic 

extraction ratios for L-lactate, propionate, //-butyrate, and BHBA were calculated 

according to Brockman and Bergman (1975). Mammary extraction ratios were calculated 

from arteriovenous concentration differences divided by arterial concentration. Mammary 

flux was estimated by assuming a blood flow rate of 600 L/h, similar to that reported by 
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Bequette et al. (1996) for cows producing daily milk yields comparable to those obtained 

in this study. 

Data were analyzed by least squares analysis of variance using general linear model 

procedures of Minitab (1995) and the following statistical model; 

Yijk =  l^ +  Tj  +  Cj  + ej jk  

where: 

Yjjk = observation, 

|i = overall mean, 

Tj = treatment effect, 

Cj = cow effect, and 

Cjjk = random error. 

Differences between treatment means were declared significant for performance data at 

P < ,05, and trends at P > .05 to P < .10; significance for blood data were declared at 

P < .10, and trends at P > . 10 to P < .20. 



RESULTS AND DISCUSSION 

Animal Performance 

Daily DMI (18.2 kg/d), milk yield (27.6 kg/d), 3.5% FCM (26.3 kg/d) and 

efficiency of conversion of feed to milk (1.52 FCM/DMI) were not altered by processing 

of sorghum grain (Table 2). These results are similar to those of digestion studies with 

ruminally and duodenally cannulated lactating dairy cows consuming low amounts of DM 

of TMR containing SF or DR sorghum grain (Oliveira et al., 1993; Poore et al., 1993b; 

Chen et al., 1994; Simas, 1995). In a summary of 14 lactation studies (Theurer et al., 

1996b), SF (.36 kg/L or 281b^u flake density) compared to DR sorghum grain did not 

alter DMI (24.5kg/d), but increased milk yield (37.4 vs 35.6 kg/d) and efficiency by 5%. 

The lack of response in the current study, probably, is due to low DMI (18.2 kg/d). 

Capacity for milk production undoubtedly was decreased by stress of surgical procedures 

and limited DM intakes immediately postsurgery. 

Compared to dry-rolling, steam-flaking of sorghum grain decreased (P = .03) milk 

fat yield (.86 vs .91 kg/d) and increased (P = .04 ) milk lactose content (4.98 vs 4.82%), 

but did not alter milk protein content or yield, percent milk fat and milk lactose yield. 

Mixed responses have also been noted for milk component concentrations and yields in 

digestion trials with similar treatments (Oliveira et al., 1993; Poore et al., 1993b; Chen et 

al., 1994; Simas, 1995). In lactation studies (Theurer et al., 1996b), SF compared to DR 

sorghum grain increased milk protein content by .07 percentage unit, milk protein yield by 

8%, and decreased milk fat percent by 5%, but did not change milk fat yield. Oliveria et al. 
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(1993) also reported an increase in milk lactose percent, but not yield, for dairy cows fed 

SF compared to DR sorghum grain. It is unusual for milk lactose content to be affected by 

diet. Lactose is a major osmotic component in milk that determines milk volume. Changes 

in lactose yields usually are due to changes in milk volume rather than lactose content. 

Blood Flow 

Steam-flaking, compared to dry-rolling sorghum grain did not alter portal or 

hepatic blood flows (Table 3). Mean portal and hepatic blood flows (L/h) were 

1838 (± 54) and 2271 (± 158), respectively. These values are about 15 to 20 % higher 

than reported values for dairy cows with similar milk production and at similar stage of 

lactation, but consuming less DM (15.6 kg/d) of a 60:40 com silage:supplement diet 

(Reynolds et al., 1988a). In cattle, portal blood flow is correlated with metabolizable 

energy (ME) intake (Reynolds et al. 1994), and the higher blood flows in the current study 

might be due to higher ME intakes. On average, portal blood flow accounted for 81% of 

hepatic blood flow, with wide ranges among cows and treatments. This relationship agrees 

with other studies with lactating dairy cows for portal contribution, averaging 75 to 85% 

of hepatic blood flow (Weighart et al., 1986; Reynolds et al., 1988a). Reynolds et al. 

(1988a) also noted high variability in blood flow measurements, with portal blood flow 

accounting for 63 to 100 % of hepatic blood flow within animals. Measurement of blood 

flow by downstream dilution of a flow marker, such as PAH, is affected by location of 

catheter tips in blood vessels, and by any reaction by blood vessels to catheter presence. 
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Inadequate mixing of the flow marker in blood at the point of sampling can also markedly 

distort measurements (particularly portal flow), and contribute to variation in blood flows 

between studies. However, within studies, variation due to differences in catheter 

placement should be separated as animal effects, and should not confound treatment 

effects. 

Glucose and L-Lactate Absorption and Metabolism 

Glucose concentrations in arterial, portal, hepatic and mammary blood were higher 

(P < .01) for SF compared to DR (Table 3). Net PDV absorption of glucose was higher 

(P = .08) for cows fed SF than DR (Table 5) due to a greater (P = .08) V-A concentration 

difference (Table 4) for cows fed SF. This is in contrast with a similar study with a similar 

study with fedlot steers (Theurer et al., 1991b). For DR, utilization of arterial glucose by 

PDV tissues was greater than glucose absorption from the gut lumen, resulting in a net 

negative portal appearance of glucose (Table 5). It is usual for net portal absorption of 

glucose in ruminants to be close to zero or even negative (Reynolds et al., 1994 ), because 

of extensive use of glucose by enterocytes (Okine et al., 1994, 1995). Increasing the 

amount of starch digested in the small intestine increases net PDV glucose absorption 

(Reynolds and Huntington, 1988a; Reynolds et al., 1994). Steam-flaking of sorghum grain 

increases the proportion of dietary starch digested in the rumen of beef and dairy cattle, 

and also increases digestibility of starch within the small intestine and postruminally 

(Theurer et al., 1996a, b). However, owing to the much larger quantity of starch expected 



to pass from the nimen on the DR diet, it was expected that net PDV absorption of 

glucose in cows fed DR would be the same as, or greater than for cows fed SF sorghum 

grain. 

Hepatic gluconeogenesis was not altered by treatment, but cows fed SF compared 

to DR tended to have 16% more (P = .20) splanchnic output of glucose to mammary and 

other tissues (Table 5). Averaged across treatments, hepatic synthesis and splanchnic 

output of glucose were both almost twice as much as milk lactose output (2 .62 and 2 .63 

vs 1.36 kg/d). This relationship is similar to experiment 2 (2.93 kg/d glucose vs 1.42 kg/d 

lactose) and to the study of Reynolds et al. 1988a with hepatic production of 

3 .1 kg/d glucose vs 1.64 kg/d milk lactose. 

Estimated mammary glucose uptake exceeded lactose output by about 20 to 30%. 

Since, only about 70% of glucose taken up by the mammary gland is recovered as lactose 

(Elliot, 1976; Cant et al., 1993), the assumed mammary blood flow of 600 L/h may be too 

low for this study by 15 to 20%. Mammary extraction percentages for glucose were 24.3 

and 22.5 % (P < . 10), respectively, for cows fed DR and SF diets (Table 16). This is in 

contrast to Experiment 2, in v/hich the mammary extraction rate of glucose was greater 

for the more extensively processed com (steam-flaked) than for the less processed com 

grain (steam-rolled) diets. The reason for the difference cannot be explained as it was 

expected that any changes would favor the SF diet. On average, these extraction rates are 

somewhat higher than reported values of dairy cows in early- or midlactation (Miller et al., 

1991; Metcalf et al., 1994). Net PDV absorption, hepatic extraction ratio and estimated 
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mammary uptake of L-lactate by cows were not altered by sorghum grain processing, but 

hepatic uptake tended to be greater (P = . 18), and splanchnic output tended to be lower 

(P = . 16), in cows fed DR compared to SF sorghum grain (Tables 5 and 16). 

VFA Absorption and Metabolism 

Grain processing did not alter PDV net absorption, hepatic uptake or synthesis, 

splanchnic output, or mammary uptake, of acetate and butyrate by lactating cows (Tables 

10 and 11). This is in contrast to a study with growing-finishing steers fed 77% DR or SF 

sorghum grain diets. In the latter study, net PDV absorption of acetate tended to be 

greater by 27% and splanchnic output was increased by 40% by steers fed SF vs DR diets 

(Theurer et al., 1991a). Compared to DR, SF increased (P = .08) net PDV absorption of 

propionate by 25%, due largely to a greater (P = .03) V-A concentration difference 

(Tables 8 and 10). Concentrations of propionate in portal and hepatic blood, and V-A 

concentration differences, were greater (P < . 10) for SF than DR (Tables 6 and 8). 

Increased PDV flux of propionate suggests a shift in fermentation pattern towards more 

propionate production on SF compared to DR sorghum grain. This is consistent with 

higher ruminal starch degradability and propionate concentration by lactating cows fed SF 

compared to DR sorghum grain diets (Theurer et al., 1996a). Theurer et al. (1991a) 

reported that net absorption of propionate tended to be greater by 20% for steers fed SF 

vs DR diets. The increased net portal appearance of propionate may also explain the lower 



milk fat yield for cows fed SF compared to DR sorghum diet. Although the mechanism by 

which high-grain diets fed to dairy cows depress milk fat content is not fully understood, it 

has been suggested that increased propionate absorption, beyond the capacity of liver to 

remove it, stimulates insulin production. This promotes increased uptake of nutrients by 

tissues and decreases lipolysis, which consequently reduces milk fat yield (Orskov, 1986) 

The higher concentration of propionate in hepatic venous blood of cows fed SF sorghum 

diet in the current study is consistent with this hypothesis. 

Hepatic clearance of the net portal appearance of propionate was not different 

between diets (90%), and is the same as that reported by Reynolds et al. (1988a). Hepatic 

extraction rate of propionate was similar for DR and SF diets and averaged 93% (Table 

16). This extraction rate is somewhat higher than reported for early lactation Holstein 

dairy cows fed a 60:40 com silage: concentrate diet (Reynolds et al., 1988a), which 

showed an average extraction rate of 85%, but is similar to the average of several studies 

(Reynolds et al., 1994). 

Propionate is a major substrate for hepatic synthesis of glucose in ruminants 

(Bergman, 1990; Armentano, 1992). Ruminant hepatic synthesis of glucose from 

propionate is minimally affected by the relative availability of other substrates, but 

gluconeogenesis apparently is dictated more by the availability of propionate relative to 

body glucose needs (Armentano, 1992). Conversely, conversion of other gluconeogenic 

precursors, such as L-lactate, is increased when propionate availability is limited. In the 

current study, hepatic synthesis of glucose was similar in cows fed SF or DR diets, but 
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hepatic uptake of L-lactate tended to be higher on DR compared to SF. A higher hepatic 

uptake of L-lactate would be consistent with the lower net PDV absorption of propionate 

for the DR treatment. Hepatic extraction ratio of L-lactate tended to be higher (14 vs 6%; 

P = .20) for DR than SF (Table 16). Maximal possible hepatic synthesis of glucose from 

propionate was similar for SF vs DR sorghum, and averaged 54% of net hepatic glucose 

production. This contribution of propionate to glucose production is similar to data of 

Experiment 2 and estimates by Reynolds et al. (1988a) and Lomax and Baird (1983) for 

lactating dairy cows. Maximal possible hepatic synthesis of glucose from L-lactate tended 

to be higher for DR vs SF (11.7 vs 5.5%; P = .17). 

Splanchnic output of BHBA was greater (P = .08), but estimated mammary uptake 

was lower (P = .09), in cows fed DR compared to SF sorghum (Table 11). The higher 

mammary uptake of BHBA by cows fed the SF diet might have been a compensatory 

response to possible decreased availability of plasma free fatty acids consequent to 

decreased tissue lipolysis resulting from possible stimulation of insulin secretion by 

excessive propionate. There were no treatment effects on net absorption, hepatic 

metabolism or mammary uptake of isobutyrate, 2-methylbutyrate and valerate (Table 12). 

Energy Metabolism 

Processing of sorghum grain did not alter estimated total net PDV absorption of 

energy by cows (26.6 Mcal/d; based on heats of combustion. Table 13) from acetate, 

propionate, butyrate, BHBA, glucose, L-lactate and a-amino-N (AAN; data using same 



cows from Augustin Delgado, personal communication). Total VFA tended (P = . 17) to 

make a 15% greater contribution to absorbed energy for SF compared to DR treatments 

(14.2 vs 12.1 Mcal/d); energy from VFA represents about 50% of the absorbed energy. As 

expected, net absorbed energy from propionate was greater (5.6 vs 4,4 Mcal/d; P = .08) 

for cows fed SF vs DR diets. Net splanchnic output and mammary uptake of energy from 

this pool of absorbed nutrients was not altered by dietary treatment (Tables 14 and 15). 

Conclusions 

Steam-flaking compared to dry-rolling of sorghum grain fed in TMR to lactating 

dairy cows did not affect DMI, yields of milk, milk protein, lactose or efficiency of 

conversion of feed to milk. These results are not consistent with reports of improved 

lactation performance and better efficiency of feed conversion from long-term lactation 

studies for dairy cows fed SF vs DR sorghum grain diets. This might be due to relatively 

low DMI in the current study. It is also probable that a possible limitation to capacity for 

milk production, due to stress associated with surgical procedures, prevented a 

performance response to grain processing. Cows fed the DR diet produced more milk fat 

compared to the SF diet. This contrasts with the general trend for milk fat yield to remain 

unchanged by lower milk fat content obtained by feeding steam-flaked sorghum, due to 

compensation by higher milk volume output. Higher concentration of propionate in 

hepatic venous blood possibly stimulated insulin secretion and, consequently, decreased 

plasma free fatty acid availability to the mammary gland, resulting in lower milk fat 



synthesis by cows fed steam-flaked sorghum grain. 

Net PDV absorption of propionate was increased by feeding dairy cows steam-

flaked sorghum grain but hepatic glucose synthesis was not increased, compared to dry-

rolled sorghum diet. Consistent with studies reported in the literature, gluconeogenesis 

from L-lactate was apparently increased to compensate for possible lower hepatic 

availability of propionate in cows on DR treatment. Higher mammary extraction rate for 

glucose may have compensated for the tendency for lower splanchnic glucose output in 

cows fed the dry-rolled sorghum diet. Steam-flaking compared to dry-rolling of sorghum 

grain altered partitioning of glucose and L-lactate by gastrointestinal and liver tissues. 

Increased absorption of propionate, splanchnic output of glucose to mammary and other 

tissues and mammary uptake of BHBA may explain, in part, the increased milk and milk 

protein yield noted in lactation studies cited in the literature. 



Table 1. Ingredient and nutrient composition of diets (Exp. 1) 

Diets' 

Item DR 
%ofDM 

Ingredient: 
Alfalfa hay 

Sorghum grain 

Whole cottonseed 

Soybean meal 

Minerals, vitamins, buffer mix 

Nutrient: 
DM 

Starch 

CP 

NDF 

ADF 

NEL^ Meal/ kg DM 

' DR = dry-rolled, SF = steam-flaked. 

* Calculated from NRC (1989). 

SF 

39.0 39.0 

40.0 40.0 

11.0 11.0 

7.0 7.0 

3.0 3.0 

88.1 86.0 

30.0 29.6 

17.9 17.7 

28.4 28.2 

17.7 18.1 

30.4 32.1 
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Table 2. Effect of processing of sorghum grain on performance of dairy cows (Exp. 1). 

Diet' 

Item DR SF SEM 

DMI, kg/d 18.6 17 9 .33 

Milk yield, kg/d 27.5 27.7 .78 

3.5%FCM, kg/d 26.7 25.9 .40 

FCM/DMI 1.49 1.56 .04 

Milk Fat 
% 3.34 3.11 .10 
kg/d .9V .86" .01 

Milk protein 
% 3.00 3.05 04 
kg/d .82 .84 .03 

Milk lactose 
% 4.82' 4.98*' .05 
kg/d I_33 L38 .05 

'DR = dry-rolled, SF = steam-flaked 

'•''•Means within a row with unlike superscripts differ (P < .04) 
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Table 3. Mean portal and hepatic blood flows and blood glucose and L-Iactate 
concentrations in mesenteric artery, portal vein, hepatic vein and mammary vein of 
lactating dairy cows fed differently-processed sorghum grain (Exp. 1) 

Diet^ 

Item PR SF SEM 

Blood flow, L/h 

Portal vein^ 1828 

Hepatic vein^ 2227 

Blood glucose concentration, mM 

Mesenteric artery^ 2.80* 

Portal vein" 2.19" 

Hepatic vein^ 3.10" 

Mammary vein^ 2.12' 

Blood L-lactate concentration, mM 

Mesenteric artery^ . 3 70 

Portal vein* .484 

Hepatic vein^ .418 

Mammary vein^ .311 
' DR = dry-rolled, SF = steam-flaked. 
^ n = 8 cows, ' n= 5 cows 
*•'' Means within a row with unlike superscripts differ (P < .001) 

Means within a row with unlike superscripts differ (P < .01) 

1848 

2314 

54 

158 

2.89" 

2.91" 

3.25" 

2.24" 

.01 

.02 

.02 

02 

.413 

.526 

.522 

.349 

.03 

.03 

.05 

.03 
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Table 4. Mean veno-arterial differences in concentrations of glucose and L-lactate in blood 
of lactating dairy cows fed differently-processed sorghum grain (Exp. I) 

Diet' 

Item DR SF SEM 

Veno-arterial difference in blood glucose,mM 

Portal-artery^ -0.0 T 0.02*" 0.01 

Hepatic-artery' 0.25 0.29 0.02 

Mammary-artery^ -0.68 -0.65 0.02 

Veno-arterial difference in blood L-lactate,niM 

Portal-artery^ 0.114 

Hepatic-artery^ 0 037' 

Mammary-artery^ -0.059 
' DR = dry-rolled, SF = steam-flaked. 
" n = 8 cows, ^ n= 5 cows 
*•'' Means within a row with unlike superscripts differ (P = .08) 

Means within a row with unlike superscripts tend to differ (P = . 15) 

0.113 

o.oes'' 

-0.064 

0.002 

0.01 

0.008 
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Table 5. Mean net PDV absorption, SPL output, hepatic release or uptake, and mammary 
uptake of glucose and L-lactate in lactating dairy cows fed differently-processed sorghum 
grain (Exp. 1) 

Item 

Diet' 

DR SF SEM 

Mean net uptake or release of glucose, kg/d' 

PDV- -0.07' 0.13" 0.07 

Liver^ 2.53 2.70 0.10 

SPL' 2.43' 2.83'' 0.18 

Mammary^^ -1.76 -1.68 0,04 

Mean net uptake or release of L-lactate, kg/d' 

PDV- 0.44 0.45 0.01 

Liver' -0.28'= -0.14'' 0.06 

SPL' 0.18= 0.33'' 0.06 

Mammary^ -0.08 -0.08 0.01 
' DR = dry-rolled sorghum, SF = steam-flaked sorghum. 
" n = 8 cows, ' n= 5 cows; * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release. 
*•'' Means within a row with unlike superscripts differ (P = .08) 

Means within a row with unlike superscripts tend to differ (P < .20) 
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Table 6. Blood concentrations of acetate and propionate in mesenteric artery, portal vein, 
hepatic vein and mammary vein of lactating dairy cows fed differently-processed sorghum 
grain (Exp. 1) 

Diet' 

Item PR SF SEM 

Blood acetate concentration, mM 

Mesenteric artery^ 1.203 

Portal vein* 1.929 

Hepatic vein^ 1.886 

Mammary vein' 0.325' 

Blood propionate concentration, mM 

Mesenteric artery^ 0.038 

Portal vein' 0.316' 

Hepatic vein^ 0.055' 

Manunary vein^ 0.024 
' DR = dry-rolled, SF = steam-flaked. 
* n = 8 cows, ^ n= 5 cows 

Means within a row with unlike superscripts differ (P < .07) 
Means within a row with unlike superscripts tend to differ (P = .20) 

1.148 

1.938 

1.757 

0.282'' 

0.042 

0.377" 

o.oeg" 

0.023 

0.06 

0.08 

0.08 

0.02 

0.003 

0.02 

0.004 

0.002 



60 

Table 7. Blood concentrations of butyrate and P-hydroxybutyrate (BHBA) in mesenteric 
artery, portal vein, hepatic vein and mammary vein of lactating dairy cows fed diflferently-
processed sorghum grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Blood butyrate concentration, mM 

Mesenteric artery^ 0.016 0.016 0.001 

Portal vein^ 0.065 0.068 0.002 

Hepatic vein^ 0.025 0.025 0.002 

Mammary vein^ 0.012 0.013 0.001 

BHBA concentration. mM 

Mesenteric artery^ 0.500 0.490 0.019 

Portal vein^ 0,650 0.608 0.036 

Hepatic vein^ 0.774 0.702 0.039 

Mammary vein^ 0.345' 0.306" 0.015 
' DR = dry-rolled, SF = steam-flaked. 
^ n = 8 cows, ' n= 5 cows 
*•'' Means within a row with unlike superscripts tend to differ (P = . 12) 
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Table 8. Veno-arterial concentration diflferences of acetate and propionate in blood of 
lactating dairy cows fed diflferently-processed sorghum grain (Exp. 1) 

Diet] 

Item DR SF SEM 

Veno-arterial diflference in blood acetate, mM 

Portal-artery^ 0.726 0.792 

Hepatic-artery^ 0.697 0.663 

Mammary-artery^ -0.877 -0.866 

Veno-arterial difference in blood propionate, mM 

Portal-artery^ 0.278" 0.336*' 

Hepatic-artery^ 0.018' 0.025'' 

Mammary-artery^ -0.014" -0.019'' 
' DR = dry-rolled, SF = steam-flaked. 
" n = 8 cows, ^ n= 5 cows 
*•'' Means within a row with unlike superscripts diflfer (P = .03) 

Means within a row with unlike superscripts diflfer (P < .10) 

0.042 

0.039 

0.048 

0.014 

0.002 

0.002 
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Table 9. Veno-arterial concentration differences of butyrate and 3-hydroxybutyrate 
(BHBA) in blood of lactating dairy cows fed differently-processed sorghum grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Veno-arterial difference in blood butyrate,mM 

Portal-artery^ 0.049 0.052 0.002 

Hepatic-artery^ 0.009 0.009 0.001 

Mammary-artery^ -0.005 -0.003 0.001 

Veno-arterial difference in blood BHBA,mM 

Portal-artery^ 0.151 0.118 0.023 

Hepatic-artery* 0.244' 0.190" 0.014 

Mammary-artery^ -0.154= -0.184" 0.010 
' DR = dry-rolled, SF = steam-flaked. 
- n = 8 cows, ^ n= 5 cows 
*•'' Means within a row with unlike superscripts differ (P = .05) 

Means within a row with unlike superscripts differ (P = .09) 
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Table 10. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
manunary uptake of acetate and propionate in lactating dairy cows fed differently-
processed sorghum grain (Exp. I) 

Diet' 

Item DR SF SEM 

Mean net uptake or release of acetate, mmol/h' 

PDV^ 1302 1460 101.0 

Liver^ 201.9 44.1 164.1 

SPL^ 1555.1 1526.8 144.5 

Mammary^'' -526.6 -519.5 29.2 

Mean net uptake or release of propionate, mmol/h^ 

PDV- 504.7' 634.2" 44.7 

Liver" -504.1 -634.7 69.9 

SPL' 40.0' 57.8" 5.9 

Mammary^* -8.2* -11.2" 1.1 
' DR = dry-rolled; SF = steam-flaked. 
- n = 8 cows, ' n= 5 cows; * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release. 

*•" Means within a row with unlike superscripts differ (P < .10) 



Table 11. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of butyrate and P-hydroxybutyrate (BHBA) in lactating dairy cows fed 
differently-processed sorghum grain (Exp. 1) 

Diet] 

Item DR SF SEM 

Mean net uptake or release of butyrate, mmol/h' 

PDV^ 89.0 96.6 5.9 

Liver^ -74.1 -82.8 7.0 

SPL^ 20.2 21.9 2.8 

Mammary^'* -2.8 -1.9 0.7 

Mean net uptake or release of BHBA, mmol/h' 

PDV- 276.7 218.1 51.4 

Liver" 204.4 158.4 42.4 

SPL^ 542.2' 403.8'' 41.6 

Mammary^'* -92.6' -110. l'' 6.3 
' DR = dry-rolled, SF = steam-flaked. 
- n = 8 cows, ^ n= 5 cows; * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release. 

Means within a row with unlike superscripts differ (P < .09) 
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Table 12. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of 2-methylbutyrate, isobutyrate, and valerate in lactating dairy cows fed 
differently processed sorghum grain (Exp 1). 

Diet' 

Item DR SF SEM 

Mean net uptake or release of 2-methylbutyrate, mmol/h' 
PDV- 25.01 24.64 1.79 

Liver^ -28.78 -28.30 2.96 

SPL' -.85 0.00 0.60 

Mammary^'' 0.15 0.00 0.11 

Mean net uptake or release of isobutyrate, mmol/h^ 
PDV- 24.05 23.80 2.17 

Liver' -28.49 -26.72 2.19 

SPL' 0.53 -1.13 1.06 

Mammary^"* -0.08 0.23 0.45 

let uptake or release of valerate, mmol/h' 
PDV- 3.93 2.58 3.54 

Liver' -6.29 -4.13 5.90 

SPL' 0.00 0.00 0.00 

Mammary^^ 0.00 0.00 0.00 
' DR = dry-rolled sorghum, SF = steam-flaked sorghum. 
"n =8 cows, ^ n= 5 cows, ^based on assumed blood flow (600L/h) and measured V-A 
diflferences. 
^ Negative values indicate net uptake; positive values indicate net release 
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Table 13. Mean estimated net PDV absorption of energy from glucose, L-lactate, acetate, 
propionate, butyrate, BHBA and AAN in lactating dairy cows fed differently-processed 
sorghum grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Estimated net PDV " absorption of energy (Mcal/d)^ 

Glucose -0.312' 0.500" ,245 

L-lactate 1.628 1,644 .055 

Acetate 6.510 7.298 ,505 

Propionate 4.441' 5.581" ,393 

Butyrate 1.174 1.275 .078 

BHBA 3.652 2.879 ,679 

AAN' 9.218' 7.641" ,572 

Total 26.311 26.819 2,109 

Total VFA' 12.125' 14.154" ,934 
' DR = dry-rolled, SF = steam-flaked. 
" n = 8 cows, 
^Calculated from heats of combustion, (Gross et al. 1988; BHBA assumed equal to 
4-carbon VFA) 

^Data from Augustin Delgado (personal communication), 
'Summation of energy from acetate, propionate and butyrate. 

Means within a row with unlike superscripts differ (P < .10) 
Means within a row with unlike superscripts tend to differ (P = . 17) 
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Table 14. Mean estimated net splanchnic output of energy from glucose, L-lactate, 
acetate, propionate, butyrate, BHBA and AAN in lactating dairy cows fed differently-
processed sorghum grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Estimated splanchnic" output of energy, Mcal/d^ 

Glucose 9.054' 10.541'^ .676 

L-Iactate 0.668 1.197 .221 

Acetate 7.776 7.634 .722 

Propionate 0.352' 0.508" .052 

Butyrate 0.267 0.290 .037 

BHBA 7.157' 5.330" .550 

AAN' 4.421' 3.262" .492 

Total 29.694 28.763 1.720 

Total VFA' 8.39 8.43 .794 
' DR = dry-rolled, SF = steam-flaked. 
" n = 5 cows, 
^Calculated from heats of combustion, (Gross et al. 1988; BHBA assumed equal to 
4-carbon VFA) 
^Data from Augustin Delgado (personal communication), 
'Summation of energy from acetate, propionate and butyrate. 

Means within a row with unlike superscripts differ (P < .10) 

Means within a row with unlike superscripts tend to differ (P < .20) 



Table 15. Mean estimated net mammary uptake of energy from glucose, L-lactate, 
acetate, propionate, butyrate, BHBA and AAN in lactating dairy cows fed differently-
processed sorghum grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Estimated net mammary • uptake of energy (Mcal/d)^ 

Glucose -6.561 -6.271 .171 

L-lactate -0.691 -0.301 .283 

Acetate -2.633 -2.597 .146 

Propionate -0.073' -0.099'' .010 

Butyrate -0.037 -0.025 .009 

BHBA -1.222' -1.453" .083 

AAN' -2.303' -2.809" .178 

Total -13.52 -13.57 .365 

Total VTA' -2.1 A3 -2.721 .154 
' DR = dry-rolled, SF = steam-flaked. 
" n = 8 cows, 
^Calculated from heats of combustion, (Gross et al. 1988; BHBA assumed equal to 
4-carbon VP A) 
^Data from Augustin Delgado (personal communication), 
'Summation of energy from acetate, propionate and butyrate. 

*•'' Means within a row with unlike superscripts differ (P<. 10) 
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Table 16. Mean hepatic and mammary extraction ratios of glucose, L-Iactate, acetate, 
propionate, butyrate and BHBA in lactating dairy cows fed differently-processed sorghum 
grain (Exp. 1) 

Diet' 

Item DR SF SEM 

Hepatic extraction ratio (%) 

L-lactate 13.94' 6.22^ 3.60 

Acetate -5.81 -1.94 4.80 

Propionate 93.67 92.19 1.14 

Butyrate 84.70 85.52 1.04 

BHBA -15.73 -14.61 4.17 

Mammary extraction ratio ("/ o) 

Glucose 24.30' 22.50" 0.62 

L-lactate 14.79 15.76 3.22 

Acetate 72.81' 75.61^ 1.39 

Propionate 37.10' 44.68*^ 3.71 

Butyrate 28.79 18.41 7.94 

BHBA 31.05' 37.70" 1.72 
' DR = dry-rolled, SF = steam-flaked. 
' n = 8 cows, 

Means within a row with unlike superscripts differ (P = .03) 

Means within a row with unlike superscripts differ (P = .08) 

Means within a row with unlike superscripts tend to differ (P < .20) 



4. NET ABSORPTION, HEPATIC METABOLISM, SPLANCHNIC OUTPUT, AND 

MAMMARY UPTAKE OF GLUCOSE, L-LACTATE AND VOLATILE FATTY 

ACIDS IN LACTATING DAIRY COWS FED STEAM-FLAKED CORN OF 

DIFFERENT FLAKE DENSITIES. 

INTRODUCTION 

Com is the most common high-starch ingredient fed to dairy cows in the U.S. 

More extensive processing (i.e, steam-flaking) of com grain fed to feedlot cattle improves 

ruminal and total tract digestibility of starch (Owens et al., 1986; Rooney and Pflugfelder, 

1986; Theurer, 1986; Huntington, 1994; Theurer et al., 1996a ). Studies comparing steam-

processed com in diets of lactating dairy cows have been quite limited, but available data 

indicate that steam-flaking, compared to dry-rolling or steam-rolling of com, increases 

ruminal and total tract starch digestion, and improves lactation performance, particularly 

milk and milk protein yields (Chen et al., 1994 , Yu et al., 1995; Plascencia and Zinn, 

1996; Yu, 1996). 

Steam-flaking is a more extensive processing method than steam-rolling, and 

consists of steam-heating whole grain for 40-60 min to raise moisture content to 18-20%, 

and then crushing the hot moist grain between large rollers adjusted for desired flake 

density (Theurer et al., 1996b). Thinner flakes are more extensively processed and have 

lower densities. Improvement in ruminal and total tract starch digestibilities is inversely 



related to flake density of steam-processed corn or sorghum, but very low flake density 

(or too extensive processing) can have negative effects on feed intake or animal 

performance (Moore et al., 1992; Zinn, 1990; Plascencia and Zinn, 1996). Plascencia and 

Zinn (1996) suggested a flake density between .32 and .39 kg/L (25 and 30 Ib/bu) might 

be optimal for steam-flaked com in diets of dairy cows. Theurer et al. (1996b) suggested 

that optimal flake density of steam-processed com is 360 g/L (28 Ib/bu). 

Digestion of grain starch in the rumen yields volatile fatty acids (VFA) and 

microbial cells which are, respectively, major energy and protein sources, absorbed by 

ruminants. Water soluble nutrients absorbed from the gut pass in series through the PDV 

to the liver via portal blood. These total splanchnic tissues (SPL; PDV + liver) play a 

dominant role in determining the pattems and quantities of various nutrient metabolites 

available to the mammary gland and other extrasplanchnic tissues. In order to understand 

mechanisms by which extensive grain processing improves milk and milk protein yields by 

dairy cows, and predict animal responses from diet compositon, quantitative data on 

nutrient fluxes across the PDV and liver are needed for different dietary regimens. Such 

data are lacking for lactating dairy cows fed steam-flaked com. 

The objective of this study was to investigate the effects of steam-processed com 

of different flake densities, 360 g/L (28 Ib/bu; SF28) or 490 g/L ( 38 Ib/bu; SF38 or steam-

rolled) fed in TMR to early-lactating dairy cows on net PDV absorption, hepatic 

metabolism, splanchnic output and mammary uptake of glucose, L-lactate, VFA and p-

hydroxybutyrate (BHBA). 
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MATERIALS AND METHODS 

Animals and Diets 

Surgical preparation of cows, animal care and housing, sampling protocols and 

calculations were described previously (Experiment 1). Briefly, 6 early-lactating Holstein 

cows (4 first-lactation; 2 second-lactation), were fitted with chronic indwelling blood 

vessel catheters ~30 d postpartum. The cows (110 ± 7 DIM) were used in a cross-over 

design to determine net nutrient fluxes across SPL and mammary tissues. Blood flow and 

net fl':x (uptake or release) of metabolites were measured across PDV, liver, SPL and 

mammary tissues. Explanations of what net nutrient fluxes across PDV and SPL represent 

are given in Experiment I. Two cows did not have patent hepatic catheters for the 

duration of the trial. 

Cows were individually fed TMR to meet NRC (1989) requirements for NEl, CP, 

Ca and P. The TMR contained 36% alfalfa hay and 40% com grain (Table 17), and were 

offered at 10% in excess of appetite for ad libitum consumption. Treatment diets, differing 

only in the flake density of steam-flaked com, were (1) SF28 (360 g/L or 28 lb^u flake 

density) and (2) SF38 (489 g/L or 38 Ib/bu flake density; steam-rolled). Steam-flaked 

com was prepared by steaming the whole grain for about 40-60 min in a vertical chamber 

to raise moisture level to about 18 to 20%, then flaking through large rollers (46 x 61 cm 

or 18 X 24") adjusted for different flake densities. The higher-density flake (SF38) was 

chosen in order to "mimic" commercially prepared steam-rolled com (~ .44 to .54 kg/L or 

34 to 42 lb^u), except steaming-time was much longer (~ 50 min vs 15 min), and flake 



density was carefully controlled. Cows were milked twice daily (0600 and 1800 h) and 

treatment milk yields were based on 5 d. Experimental periods averaged 18 d between 

treatments. Cows were fed experimental diets at least 7 d (av = 16 d) prior to sampling 

blood for 1 d for each cow on each diet. Protocols for sampling and analysis of feed and 

orts for DM, CP, starch, NDF and ADF, as well as for sampling and analysis of milk for 

CP, fat, total solids, and lactose, are in given in Experiment 1. 

Blood Sampling and Analyses 

On one blood sampling day for each cow on each dietary treatment, 

/j-aminohippuric acid (PAH) was infused into one mesenteric vein, and six sets of 

simultaneous blood samples were drawn, at 2-h intervals, from the mesenteric (or 

costoabdominal) artery, and portal, hepatic, and mammary veins. After collection, blood 

samples were immediately placed on ice until analyses for PAH, glucose and L-lactate 

were completed (usually within 2 h of collection). Blood concentrations of VFA and 

BHBA were determined, from aliquots stored fi-ozen (-80° C), using a composite sample, 

within sampling site, for each cow and each diet. Analytical protocols for glucose, 

L-lactate, VFA and BHBA are described in Experiment 1. 

Calculations and Statistical Analysis 

Within cow and diet, the mean venoarterial (V-A) concentration difference of a 

metabolite was multiplied by the mean blood flow rate to determine net flux (absorption. 
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uptake, synthesis or release) of that metabolite by PDV and SPL tissues, as described by 

Brockman and Bergman (1975). Hepatic flux of a metabolite was determined by the 

difference between PDV and SPL net fluxes. Hepatic extraction ratios for L-lactate, 

propionate, w-butyrate and BHBA were calculated according to Brockman and Bergman 

(1975). Mammary extraction ratios were calculated from arteriovenous concentration 

differences divided by arterial concentration. Mammary flux was estimated by assuming a 

blood flow rate of 600 L/h, similar to that measured by Bequette et al. (1996) for cows 

producing daily milk yields comparable to those obtained in this study. 

Data were analyzed by least squares analysis of variance using the general linear 

model procedures of Minitab (1995) and the following statistical model: 

Yijk = |i + Ti + Cj + eijk 

where: 

Yjjk = observation, 

= overall mean, 

Tj = treatment effect, 

Cj = cow effect, and 

ej j = random error. 

Differences between treatment means were declared significant for performance data at 

P < .05, and trends at P > .05 to P < .10; significance for blood data were declared at 

P < .10, and trends at P > . 10 to P < .20. 
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RESULTS AND DISCUSSION 

Animal Performance 

Daily DMI (18.4 kg/d, milk yield (29.1 kg/d), 3.5% FCM (26.6 kg/d) and 

efficiency of conversion of feed to milk (1.54 FCM/DMI) were similar for cows fed com 

flaked at 360 g/L (SF28) or 489 g/L (SF38) (Table 18). Studies comparing the effects of 

flake density of steam-processed com on performance of lactating dairy cows are limited. 

In a summary of four comparisons (Theurer et al., 1996b), lactating cows fed steam-flaked 

(SF28) compared to steam-rolled (SF38) com grain, did not alter DMI (26.5kg/d) or 

efficiency, but increased milk yield (38.0 vs 35 .7 kg/d) by 6%. The lack of milk response 

in the current study probably, is due to low DMI (18.4 kg/d) compared to lactation 

studies. Capacity for milk production undoubtedly was decreased by stress of surgical 

procedures and limited DM intakes immediately postsurgery. Placsencia and Zinn (1996) 

also reported no difference in milk yield for cows with average DMI of 17.3 to 17.8 kg/d 

of TMR containing SF com with flake densities of .26, .32 and .39 kg/L (20, 25 and 

30 Ib/bu). Higher milk production (32 kg/d) from lower DMI (15.6 kg/d) have been 

reported for multicatheterized dairy cows (Reynolds et al., 1988b) 

Compared to the steam-rolled diet (SF38), feeding cows the SF28 diet resulted in 

increased milk protein (P = .07), decreased lactose (P = .06) content in milk and tended to 

increase milk protein yield (P = . 18), but did not alter milk fat or lactose yield, or percent 

milk fat. In contrast, Yu (1996) reported that lactating cows fed SF28 com increased milk 

lactose yield 6%, compared to steam-rolled (SF38) com. In lactation studies (Theurer et 



al., 1996b), steam-flaked (SF28) compared to steam-rolled (SF38) com grain increased 

milk protein yield by 8%, decreased milk fat percent by 4%, but did not affect percent milk 

protein. 

Blood Flow 

More extensively processed com (SF28) did not alter portal or hepatic blood flows 

of cows compared to the steam-rolled (SF38) treatment (Table 19). Mean portal and 

hepatic blood flows (L/h) were 1990 ± 58 and 2340 ± 139, respectively, and are 15 to 

20% higher than reported values for dairy cows fed 60:40 com silage:supplement diet 

with lower DMI (15.6 kg/d), but similar stage of lactation and milk production (Reynolds 

et al., 1988a). In cattle, portal blood flow is correlated with metabolizable energy (ME) 

intake (Reynolds et al. 1994), and the higher blood flows in the current study might be due 

to greater ME intakes. Overall, portal blood flow accounted for 85% of hepatic blood 

flow. Similar relationships between average portal and hepatic blood flows have been 

observed in other studies with lactating dairy cows, with portal contribution accounting 

for 75 to 85% of hepatic blood flow (Weighart et al., 1986; Reynolds et al., 1988a). 

Glucose and L-Lactate Absorption and Metabolism 

Net absorption of glucose across PDV tissues was not altered by flake density of 

steam-processed com, and was positive, but small, for both dietary treatments (Table 21). 

Net absorption of glucose is usually negative or negligible in lactating dairy cows 



(Reynolds et al., 1994). Hepatic gluconeogenesis was 7% greater (2.98 vs 2.79 kg/d; 

P = .04) in cows fed SF28 compared to SF38. This resulted in a 10% greater, but not 

statistically different (P = .21), splanchnic output of glucose to the mammary gland and 

other tissues. 

Mammary uptake of glucose, based on V-A concentration differences (Table 20), 

was increased by 20% (P < .01) by cows fed SF28 vs SF38 com diets, which reflects the 

estimated net flux differences (uptake of 1.74 vs 1.46 kg/d; P < .01; Table 21). Because 

glucose is used both for oxidation and lactose synthesis, this marked increase in mammary 

glucose uptake could account in part for the 42% increase in a-amino-N (AAN) uptake 

reported for these same cows fed TMRs containing SF28 vs SF38 com (Delgado et al., 

1996b). Averaged across treatments, hepatic glucose synthesis (2.88kg/d or 16.0 mol/d) 

and splanchnic glucose output (2.93kg/d or 16.3 mol/d) were about twice that required for 

milk lactose output (1.42 kg/d or 4,15 mol/d; Tables 18 and 21). This relationship 

compares with Experiment 1 (2.62 and 2.63 kg/d glucose vs 1.36 kg/d lactose) and with 

3.1 kg/d glucose vs 1.64 kg/d lactose reported by Reynolds et al. (1988a). 

Mammary glucose uptake with SF28 exceeded milk lactose output by about 20% 

but was similar to lactose output for the SF38 treatment. Assuming that the efficiency of 

glucose incorporation into lactose is about 70 % (Elliot, 1976; Cant et al., 1993), the 

assumed mammary blood flow of 600 L/h may be low for this study by 20 to 50%. 

Mammary extraction ratios for glucose were 25 and 20%, respectively, for SF28 and 

steam-rolled (SF38). This is in contrast to Experiment 1, in which the ratio for the more 



extensively processed sorghum grain (steam-flaked) was lower than the less processed 

grain (dry-rolled). On average, these extraction rates are higher than reported values 

(16 - 20 %) for dairy cows in early- or midlactation and with similar milk production 

(Miller et al., 1991; Metcalf et al., 1994). Higher extraction ratios tend to be associated 

with lower arterial concentrations (Miller et al., 1991). The higher extraction rates are 

consistent with relatively low concentrations of glucose in arterial blood in the current 

study. 

Net PDV absorption, and estimated mammary uptake of L-lactate were not altered 

by flake density of steam-processed com (Table 21). Hepatic uptake of L-lactate was 

much higher (P = . 10) and splanchnic output tended to be lower (P = . 17) for cows fed 

SF38, compared to SF28 com. Mammary extraction rate of L-lactate tended (P = . 12) to 

be higher (20.1 vs 13.7%; Table 32) for cows fed SF28 compared to SF38, and were 

similar (15%) to those for cows fed sorghum grain (Experiment 1). . 

VFA Absorption and Metabolism 

Flake density of steam-processed com did not alter PDV net absorption, hepatic 

uptake or synthesis, SPL output, or mammary uptake, of acetate and propionate by 

lactating cows (Table 26). Compared to cows fed the SF28 diet, cows fed the SF38 diet 

increased both portal concentration (P = .06) and net PDV absorption (P= .03) of butyrate 

by 23% (Tables 23 and 27). Hepatic removal of absorbed propionate and butyrate were 

not different between diets and averaged 90% and 78%, respectively. These clearance 



rates compare with reported values of 93% and 80%, respectively, for dairy cows 

(Reynolds et al. 1994). Hepatic extraction percentages for propionate and butyrate were 

81 and 59%, respectively, which are somewhat lower than values reported by Reynolds et 

al. (1988b). 

Propionate is a major substrate for hepatic synthesis of glucose in ruminants 

(Bergman, 1990; Armentano, 1992). Ruminant hepatic synthesis of glucose from 

propionate is minimally affected by relative availability of other substrates, but 

gluconeogenesis apparently is dictated more by the availability of propionate relative to 

body glucose needs (Armentano, 1992). Conversely, conversion of other gluconeogenic 

precursors, such as L-lactate, is increased when propionate availability is limited. 

However, butyrate inhibits hepatic conversion of propionate to glucose (Aiello and 

Armentano, 1987), and higher butyrate concentration in portal blood is probably the 

reason for lower hepatic synthesis of glucose in cows fed SF38 compared to SF28. 

Increased hepatic uptake of L-lactate for cows fed SF38, compared to SF28, is 

also consistent with lower hepatic utilization of propionate for glucose synthesis. Hepatic 

uptake of propionate could maximally account for 51% of hepatic glucose synthesis for 

SF28 and SF38 treatments. This value is comparable to Experiment 1 and estimates by 

Reynolds et al. (1988b) and Lomax and Baird (1983) for dairy cows. Maximal possible 

contribution of liver uptake of L-lactate to glucose synthesis tended to be higher (P < .13) 

for SF38 compared to SF28 (9.4 vs 2.1%), These data are consistent with the inverse 

relationship for relative utilization of propionate and L-lactate for hepatic gluconeogenesis 
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in ruminants (Bergman, 1990; Armentano, 1992; Casse et al., 1994; Danfaer et al., 1995) 

There were no treatment effects for net absorption, hepatic metabolism or mammary 

uptake of BHBA, isobutyrate, 2-methylbutyrate and valerate (Tables 27 and 28). 

Mammary extraction rate of BHBA was higher (P = . 10; Table 32) for cows fed the SF28 

com diet. 

Energy Metabolism 

Estimated net total PDV absorption of energy (Table 29) from acetate, propionate, 

butyrate, glucose, L-lactate, BHBA and AAN was 9% higher, but not statistically 

significant (P = .21), for cows fed SF28 compared to SF38 diets. The VFA provided 15.5 

and 17.1 Mcal/d (P = . 15), respectively, for SF28 and SF38, which represent about 54% 

of the absorbed energy from these substrates. As a result of higher net PDV absorption, 

relative contribution of butyrate to the absorbed energy pool tended (P = . 11) to be 

slightly higher for SF38 compared to SF28 (5.6 vs 4.9%). Net splanchnic output of 

energy from this group of metabolites was not altered by dietary treatment. 

Estimated mammary uptake of energy was higher (P = .01) for SF28 compared to 

SF38 due mainly to increased uptake of glucose and AAN. This may explain the higher 

milk protein content, and tendency for increased milk protein yield, by cows fed the SF28 

compared to SF38 diet. 
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Conclusions 

Flake density of steam-flaked com fed in TMR to lactating dairy cows did not 

affect yields of milk, milk protein, milk fat, or efficiency of conversion of feed to milk. 

These results are not supportive of improved lactation performance observed in the few 

reports in the literature for dairy cows fed more extensively steam-processed com. This 

might be due to relatively low DMI in the current study. A limitation to milk production, 

probably by stress factors associated initially with surgery could also preclude 

performance responses to grain processing. 

Estimated mammary uptake of energy by cows was increased by 20% through 

proper steam-flaking (SF28) compared to steam-rolling (SF38) of com, due mainly to 

significantly higher uptakes of glucose and AAN. This is consistent with improved 

lactation performance by dairy cows fed more extensively steam-processed com in some 

studies reported in the literature, and may explain the higher milk protein content and 

tendency for increased milk protein yield for cows fed the SF28 diet in the current study. 

Considering that SF28 did not increase estimated net PDV absorption, or splanchnic 

output of energy, the mechanism by which the mammary gland, of cows fed lower-density 

steam-flaked com, increases energy uptake is obscure. However, increased hepatic 

synthesis of glucose on the SF28 diet raises the possibility that hormonal changes involved 

in metabolism of glucose or glucogenic precursors could promote increased energy 

uptake, particularly glucose and AAN, by the mammary gland. It appears that steam-

flaking compared to steam-rolling of com grain alters partitioning of glucose and L-lactate 



by liver and mammary tissues. This may explain, in part, the increased milk and milk 

protein yield noted in lactation studies cited in the literature. 



Table 17. Ingredient and nutrient composition of diets (Exp.2) 
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Diets 

Item SF38 SF28 
%ofDM 

Ingredient: 
Alfalfa hay 36.0 36.0 

Com grain 39.5 39.5 

Whole cottonseed 10.0 10.0 

Cottonseed hulls 3 .0 3 .0 

Soybean meal 8.5 8.5 

Minerals, vitamins, buffer mix 3.0 3.0 

Nutrient: 
DM 85.2 84.9 

Starch 30.0 30.6 

CP 16.2 16.8 

NDF 29.3 28.7 

ADF 17.9 18,0 

NE^Mcal/kgDM 31.6 32.9 

'SF38 = steam-flaked, density 38 lb/ bu; SF28 = steam-flaked, density 28 lb/ bu. 
" Calculated from NRC (1989). 
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Table 18. Effect of processing of com on performance of dairy cows (Exp. 2). 

Diet' 

Item SF38 SF28 SEM 

DMI, kg/d 18.3 18.5 .25 

Milk yield, kg/d 29.0 29.2 .68 

3 .5%FCM, kg/d 26.8 264 85 

FCM/DMI 1.53 1.56 .04 

Milk Fat 
% 3.03 2.90 .07 
kg/d .88 .85 .04 

Milk protein 
% 2.82' 2.97'' .05 
kg/d .81= .86'' .02 

Milk lactose 
% 4.94' 4.83'' .03 
kg/d 1.43 1.41 .04 

'SF38 = steam-flaked, density 38 lb^u; SF28 = steam-flaked, density 281b/bu. 

'•''•Means within a row with unlike superscripts differ (P < .07). 
"•''•Means within a row with unlike superscripts tend to differ (P =18). 



Table 19. Mean portal and hepatic blood flows and blood glucose and L-lactate 
concentrations in mesenteric artery, portal vein, hepatic vein and mammary vein of 
lactating dairy cows fed steam-flaked com of different densities (Exp. 2) 

Diet; 

Item SF38 SF28 SEM 

Blood flow, L/h 

Portal vein- 2009 1970 58 

Hepatic vein^ 2272 2409 139 

Blood glucose concentration, mM 

Mesenteric artery^ 2.84 2.84 .02 

Portal vein" 2.87 2.86 .02 

Hepatic vein^ 3.19 3.17 05 

Mammary vein^ 2.28* 2.16*' .01 

Blood L-lactate concentration, mM 

Mesenteric artery^ .430 .410 .04 

Portal vein* .521 .511 03 

Hepatic vein^ 453 .511 .05 

Mammary vein' .363 .327 .03 
' SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 lb^u. 
' n = 6 cows, ^ n= 4 cows 

Means within a row with unlike superscripts differ (P < .01) 
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Table 20. Veno-arterial differences in concentrations of glucose and L-lactate in blood of 
lactating dairy cows fed steam-flaked com of different densities (Exp. 2) 

Diet; 

Item SF38 SF28 SEM 

Veno-arterial difference in blood glucose, mM 

Portal-artery^ 0.03 0.02 0.02 

Hepatic-artery' 0.28 0.30 0.02 

Mammary-artery^ -0.56' -0.67'' 0.02 

Veno-arterial difference in blood lactate, mM 

Portal-artery^ 0.100 0.101 0.01 

Hepatic-artery^ 0.040 0.067 0 01 

Mammary-artery^ -0.058 -0.085 0.01 
' SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 Ib/bu. 
• n = 6 cows, ^ n= 4 cows 

Means within a row with different superscripts differ (P < .01) 
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Table 21. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of glucose and L-lactate in lactating dairy cows fed steam-flaked com of 
different densities (Exp. 2) 

Diet^ 

Item SF38 SF28 SEM 

Mean net uptake or release of glucose, kg/d' 

PDV- 0.24 0.14 0.14 

Liver' 2.79' 2.98'' 0.04 

SPL^ 2.79 3.08 0.13 

Mammary^"* -1.46* -1.74*' 0.04 

Mean net uptake or release of L-lactate, kg/d' 

PDV 0.41 0.41 0.03 

Liver" -0.22' 0.01^ 0.06 

SPL^ 0.198 0.37" 0.07 

Mammary^"* -0.07 -0.11 0.02 

' SF38 = steam-flaked, density 38 Ib/bu; Steam-flaked, density 28 lb^u. 
"n = 6 cows, ^ n= 4 cows. * based on assumed blood flow (600 L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release. 
*•'' Means within a row with unlike superscripts differ (P < .01) 

Means within a row with unlike superscripts differ (P = .04) 
Means within a row with unlike superscripts differ (P = . 10) 
Means within a row with unlike superscripts tend to differ (P = . 17) 
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Table 22. Blood concentrations of acetate and propionate in mesenteric artery, portal 
vein, hepatic vein and mammary vein of lactating dairy cows fed steam-flaked com grain 
of different densities (Exp. 2). 

Diet; 

Item SF38 SF28 SEM 

Blood acetate concentration, mM 

Mesenteric artery^ 1.095 1.060 0.05 

Portal vein^ 1.987 1.886 0.08 

Hepatic vein^ 1.888 1.752 0.06 

Mammary vein^ 0.344 0.300 0.02 

Blood propionate concentration, mM 

Mesenteric artery^ 0.042 0.043 0.002 

Portal vein^ 0.406 0.397 0.010 

Hepatic vein^ 0.068 0.076 0.005 

Mammary vein' 0.026' 0.024'' 0.001 
' SF38= steam-flaked, density 381b^u; SF28 = steam-flaked, density 281b/bu. 
" n = 6 cows, ^ n= 4 cows 

Means within a row with unlike superscripts tend to differ (P = . 18) 
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Table 23. Blood concentrations of butyrate and P-hydroxybutyrate (BHBA) in mesenteric 
artery, portal vein, hepatic vein and mammary vein of lactating dairy cows fed steam-
flaked com grain of different densities (Exp. 2) 

Diet; 

Item SF38 SF28 SEM 

Blood butyrate concentration, mM 

Mesenteric artery^ 0.021 0.018 0.002 

Portal vein- 0.088"= 0.072'' 0.005 

Hepatic vein^ 0.034 0.027 0.004 

Mammary vein^ 0.017* 0.014'" 0.001 

Blood BHBA concentration, mM 

Mesenteric artery^ 0.562 0.525 0.021 

Portal vein^ 0.712' 0.636'" 0.028 

Hepatic vein^ 0.793 0.736 0.038 

Mammary vein^ 0.392' 0.324** 0.013 
' SF38= steam-flaked, density 381b/bu; SF28 = steam-flaked, density 281b/bu. 
^ n = 6 cows, ^ n= 4 cows 

Means within a row with unlike superscripts differ (P = .02) 
Means within a row with unlike superscripts differ (P = .06) 
Means within a row with unlike superscripts tend to differ (P = . 12) 
Means within a row with unlike superscripts tend to differ (P = . 18) 
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Table 24. Veno-arterial concentration differences of acetate and propionate in blood of 
lactating dairy cows fed steam-flaked com of different densities (Exp.2) 

Diet^ 

Item SF38 SF28 SEM 

Veno-arterial difference in blood acetate,mM 

Portal-arter/ 0.892 0.826 0.077 

Hepatic-arter/ 0.823' 0.728'' 0 040 

Mammary-artery^ -0.751 -0.760 0 052 

Veno-arterial difference in blood propionate, mM 

Portal-artery^ 0.363 0.354 0.009 

Hepatic artery^ 0.026 0.032 0.003 

Mammary-artery^ -0.016 -0.020 0.002 
' SF38 = steam-flaked, density 381b/bu; SF28 = steam-flaked, density 281b/bu. 
' n = 6 cows, ^ n= 4 cows 
*•'' Means within a row with unlike superscripts tend to differ (P = . 19) 
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Table 25. Veno-arterial concentration differences of butyrate and P-hydroxybutytrate 
(BHBA) in blood of lactating dairy cows fed steam-flaked com of different densities 
(Exp. 2). 

Diet' 

Item SF38 SF28 SEM 

Veno-arterial difference in blood butyrate,mM 

Portal-arter/ 0.068* 0.055" 0.003 

Hepatic-artery^ 0.014 0.010 0.002 

Mammary-artery^ -0.004 -0.004 0.001 

Veno-arterial difference in blood BHBA,mM 

Portal-artery^ 0.150 0.112 0.034 

Hepatic-artery^ 0.236 0.172 0 043 

Mammary-arterr -0.171 -0.201 0.022 
' SF38 = steam-flaked, density 381b/bu; SF28 = steam-flaked, density 281b/bu. 
" n = 6 cows, ^ n= 4 cows 

Means within a row with unlike superscripts differ (P = .04) 



92 

Table 26. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of acetate and propionate in lactating dairy cows fed steam-flaked com 
of different flake densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Mean net uptake or release of acetate, mmol/h' 

PDV- 1786 1575 146.3 

Liver^ 58.9 337.8 193.5 

SPL' 1939.2 1835.4 193.6 

Mammary^^ -450.7 -456.0 31.5 

Mean net uptake or release of propionate, mmol/h' 

PDV- 723.7 700.9 32.5 

Liver' -663.6 -652.7 45.7 

SPL' 63.5 83.0 10.6 

Mammary^^ -9.7 -11.8 1.2 
'SF38 = steam-flaked, density 381b/bu; SF28 = steam-flaked, density 28 Ib/bu. 
" n = 6 cows, ^ n= 4 cows; * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release 
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Table 27. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of butyrate and P-hydroxybutyrate (BHBA) in lactating dairy cows fed 
steam-flaked com of different flake densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Mean net uptake or release of butyrate, mmol/h' 

PDV- 137.1' i n . 5" 6.1 

Liver^ -100.0 -90.5 6.8 

SPL' 36.8 26.4 6.7 

Mammary^'' -2.3 -2.3 0.4 

Mean net uptake or release of BHBA, mmol/h' 

PDV' 287,6 217.5 61.2 

Liver' 216.8 249.3 114.1 

SPL' 582.0 439.6 125.5 

Mammary^^ -102.6 -120.4 13.3 
'SF38 = steam-flaked, density 381b/bu; SF28 = steam-flaked, density 28 Ib/bu. 
• n = 6 cows, ^ n= 4 cows; * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release 

Means within a row with unlike superscripts differ (P = .03) 



94 

Table 28. Mean net PDV absorption, SPL output, hepatic release or uptake, and 
mammary uptake of 2-methylbutyrate, isobutyrate, and valerate in lactating dairy cows fed 
steam-flaked com of different densities (Exp 2.) 

Diet' 

Item SF38 SF28 SEM 

Mean net uptake or release of 2-methylbutyrate,mmol/h' 
PDV^ 29.55 27.40 1.57 

Liver^ -29.06 -28.92 1.62 

SPL' 0.00 0.00 0.00 

Mammary^^ 0.00 0.00 0.00 

Mean net uptake or release of isobutyrate, mmol/h' 
PDV^ 27.64 24.47 1.72 

Liver' -27.27 -25.20 1.58 

SPL' 0.54 -0.64 2.17 

Mammary^'* 0.30 -0.50 0.50 

let uptake or release of valerate, mmol/h' 
PDV^ 44.01 28.80 8.46 

Liver' -41.25 -35.18 7.22 

SPL' 0.00 0.00 0.00 

Mammary^^ 0.00 0.00 0.00 
' SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 Ib/bu. 
^ n = 6 cows, ^ n= 4 cows, * based on assumed blood flow (600L/h) and measured V-A 
differences. 
' Negative values indicate net uptake; positive values indicate net release 
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Table 29. Mean estimated net PDV absorption of energy from glucose, L-lactate, acetate, 
propionate, butyrate, BHBA and AAN in lactating dairy cows fed steam-flaked com grain 
of different flake densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Estimated net PDV ^ absorption of energy, Mcal/d^ 

Glucose 0.882 0.511 ,515 

L-lactate 1.526 1.516 .108 

Acetate 8.930 7.875 .731 

Propionate 6.369 6.168 .286 

Butyrate 1.810* 1.472'' .080 

BHBA 3.796 2.871 .808 

AAN' 8.740 8.888 .613 

Total 32.054 29.301 1.338 

Total VFA' 17.109' 15.516" .666 
'SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 Ib/bu. 
' n = 6 cows, 
^Calculated from heats of combustion (Gross et al., 1988; BHBA assumed equal to 
4-carbon VFA). 
^Data from Augustin Delgado (personal communication), 
'Summation of energy from acetate, propionate and butyrate. 

Means within a row with unlike superscripts differ (P = .03) 
Means within a row with unlike superscripts tend to differ (P = . 15) 
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Table 30. Mean estimated net splanchnic output of energy from glucose, L-lactate, 
acetate, propionate, butyrate, BHBA and AAN in lactating dairy cows fed steam-flaked 
com grain of different densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Estimated splanchnic^ output of energy, Mcal/d' 

Glucose 10.400 11.484 .479 

L-lactate 0.709' 1.374" .258 

Acetate 9.670 9.177 .968 

Propionate 0.558 0.731 .093 

Butyrate 0.486 0.348 .090 

BHBA 7.682 5.802 1.657 

AAN' 5.339 5.835 1.058 

Total 34.874 32.751 2.026 

Total VFA' 10.745 10.256 1.132 
' SF38 = steam-flaked, density 38 lb^u; SF28 = steam-flaked, 28 lb^u. 
^ n = 4 cows, 
^Calculated from heats of combustion, (Gross et al.,1988; BHBA assumed equal to 
4-carbon VFA) 
^Data from Augustin Delgado (personal communication), 
'Summation of energy from acetate, propionate and butyrate. 

Means within a row with unlike superscripts tend to differ (P = . 17). 
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Table 31. Mean estimated net mammary uptake of energy from glucose, L-lactate, 
acetate, propionate, butyrate, BHBA and AAN in lactating dairy cows fed steam-flaked 
com grain of different densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Estimated net mammary ^ uptake of energy, Mcal/d^ 

Glucose -5.435* -6.496'' .143 

L-Iactate -0.273 -0.401 .069 

Acetate -2.253 -2.280 .157 

Propionate -0.086 -0.104 .010 

Butyrate -0.03 r -0.036^ .002 

BHBA -1.354 -1.590 175 

AAN' -2.093' -2.990" 182 

Total -11.52* -13.90'' 389 

Total VFA' -2.370 -2.420 .168 
' SF38 = steam-flaked, density 38 lb^u; SF28 = steam-flaked, 28 Ib/bu. 
^ n = 5 cows, 
^Calculated from heats of combustion, (Gross et al.,1988; BHBA assumed equal to 
4-carbon VFA) 
•*Data from Augustin Delgado (personal communication), 
' Summation of energy from acetate, propionate and butyrate. 

Means within a row with unlike superscripts differ (P < .01) 
"•''Means within a row with unlike superscripts differ (P = ,02) 

Means within a row with unlike superscripts tend to differ (P = 18) 
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Table 32. Mean hepatic and mammary extraction ratios gluocse, L-lactate, acetate, 
propionate, butyrate and BHBA in lactating dairy cows fed steam-flaked com grain of 
different densities (Exp. 2) 

Diet' 

Item SF38 SF28 SEM 

Hepatic extraction ratio (%) 1 

L-lactate 10.57 3.53 4.09 

Acetate 0.37 -3.99 5.30 

Propionate 81.24 78.05 2.47 

Butyrate 59.18 58.89 4.54 

BHBA -9.71 -14.59 7.59 

Mammary extraction ratio (%) 

Glucose 19.79* 23.74" 0.44 

L-lactate 13.69' 20.10^ 2.42 

Acetate 68.46 71.82 2.33 

Propionate 37.85= 45.17' 2.90 

Butyrate 16.87 15.82 6.10 

BHBA 30.53= 37.87" 2.55 
' SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 Ib/bu. 
" n = 6 cows. 

Means within a row with unlike superscripts differ (P = .001) 

Means within a row with unlike superscripts differ (P = .10) 

Means within a row with unlike superscripts tend to differ (P< .13) 



5. SUMMARY AND GENERAL CONCLUSIONS 

Two cross-over experiments were conducted with lactating Holstein dairy cows, 

fitted with appropriate blood vessel catheters, to investigate effects of feeding TMR 

containing differently-processed com and sorghum grain on post-absorptive nutrient 

fluxes and energy metabolism. In experiment 1, 8 cows were used to determine effects of 

feeding diets with 40% steam-flaked (28 Ib/bu: SF) vs dry-rolled (DR) sorghum grain. 

Effects of feeding TMR with 40% steam-flaked com of different flake densities, 38 Ib/bu 

(SF38) vs 28 Ib/bu (SF28), were investigated with 6 cows in Experiment 2. Net uptake or 

output of glucose, L-lactate, volatile fatty acids and 3-hydroxybutyrate (BHBA) was 

measured across portal-drained viscera (PDV), hepatic and total splanchnic (SPL; PDV + 

hepatic) tissues. Nutrient fluxes across mammary tissues were estimated by using 

measured nutrient concentrations in arterial and mammary venous blood and an assumed 

blood flow of 600 L/h. 

In both experiments, dietary treatment had little effect on milk production 

parameters, in contrast to longer-term lactation studies that reported increased milk yield, 

increased milk protein yield, and a general tendency for better efBcency of conversion of 

feed to milk by more extensive processing of com and sorghum grain. Lack of 

performance response to grain processing in the current studies is possibly due to 

relatively low DMI. It is also possible that capacity for milk production was limited by 

stress caused by surgical procedures, about 30 d postpartum, which subsequently 

precluded performance response to grain processing. In contrast to lactation studies 
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reported in the literature, cows fed SF compared to DR sorghum diets produced lower 

milk fat yield. For cows fed com diets, milk protein content was increased, and milk 

protein yield tended to be higher for SF28 vs SF38. These latter findings are consistent 

with reports fi-om longer-term lactation studies. 

Compared to DR, feeding cows SF sorghum grain increased net PDV absorption 

of propionate by 25% (P = .08), tended to increase (P < .20) splanchnic output of glucose 

(+16%) and L-lactate (+ 83%), but did not alter mammary uptake of glucose or L-lactate. 

The increased net PDV absorption of propionate by cows fed the SF sorghum diet could 

possibly have stimulated greater release of insulin and consequently, increased tissue lipid 

accretion while decreasing lipolysis, leading to lower milk fat yield. Sorghum processing 

did not affect net PDV, hepatic, SPL or mammary metabolism of acetate and butyrate. 

Splanchnic output of BHBA was greater (P = .08), but mammary uptake was lower 

(P = .09) for cows fed DR vs SF diets. The increased BHBA uptake by cows fed SF 

sorghum might have been stimulated by possible lower availability of plasma free fatty 

acids resulting from decreased tissue lipolysis. 

For cows fed com diets, hepatic synthesis of glucose was higher (3 .0 vs 2 .8 kg/d; 

P = .04) for SF28 vs SF38. Density of steam-flaked com did not affect net PDV, liver or 

mammary metabolism of acetate. Maximal possible contribution of L-lactate to hepatic 

glucose synthesis tended to be somewhat higher (9.4 vs 2.1%; P < . 13) for cows fed SF38 

vs SF28 com diets. In cows fed SF38, higher (P = .03) net PDV absorption of butyrate 
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possibly inhibited hepatic gluconeogenesis from propionate, which might explain a higher 

(P = . 10) hepatic uptake of L-lactate. Such inverse relationship between relative 

utilization of L-lactate and propionate would be consistent with reports in the literature. 

Maximal possible contribution of propionate to hepatic glucose production was 

not altered by processing of com and sorghum grain in diets of lactating dairy cows, and 

averaged 54% and 51%, respectively, for sorghum and com diets. Processing of com or 

sorghum grain did not alter estimated total net PDV absorption or total splanchnic output 

of energy from measured nutrients and a-amino-nitrogen (AAN). Net total PDV 

absorption of acetate, propionate and butyrate tended to be greater for cows fed SF than 

DR (+17%; P = .17), and for SF38 than SF28 (+10%; P =15). Total mammary uptake of 

energy from these substrates was not altered by sorghum grain processing, but was greater 

in cows fed SF28 vs SF38, due mainly to increased uptake of glucose (+25%; P < 01) and 

AAN. In both experiments, hepatic glucose synthesis was more than than adequate for 

milk lactose production. 

Hepatic extraction rates for propionate and butyrate were not altered by grain 

processing and averaged, respectively, 93% and 85% for sorghum diets, and 80% and 

59% for com diets. There was a tendency (P = .20) for hepatic extraction rate of L-lactate 

to be higher (14% vs 6%) for cows fed SF sorghum grain compared to DR treatment, but 

values were not different for the com diets (average = 7%). Mammary extraction rates of 

glucose were higher for cows fed DR vs SF sorghum (24.3% vs 22.5%; P = .08), and for 

cows fed SF28 vs SF 38 com (23 .7% vs 19.8%; P < 01) diets. Extraction of arterial 
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BHBA by the mammary gland was increased by eight percentage units by more extensive 

processing of both sorghum (SF vs DR; P = .03) and com (SF28 vs SF38; P = . 10). More 

extensive processing also tended to increase mammary extraction ratio of propionate by 

about 20% for both sorghum (P = . 19) and com (P = . 13) treatments. Mammary 

extraction rates of acetate tended to be slightly higher for SF compared to DR (76 vs 

73%; P = .20) sorghum, but were similar for SF28 and SF38 com diets (average = 70%). 

Lactating dairy cows fed TMR containing 40% grain may not respond, in terms of 

5-d milk and milk protein yields, to differently processed com or sorghum grain if intakes 

of DM are low. For cows fed such high-grain diets, hepatic glucose synthesis is more than 

adequate to account for milk lactose output. Increased hepatic synthesis and splanchnic 

output of glucose, supported by greater propionate availability, or increased mammary 

glucose and energy uptake might partially explain increased milk protein synthesis by dairy 

cows fed more extensively processed com (SF28) and sorghum (SF) grain (reported for 

longer term lactation studies). Differences in hepatic and mammary extraction rates of 

different nutrients may reflect differences in nutrient availability and compensatory 

responses to such differences. More research is needed to clarify postabsorptive nutrient 

partitioning in response to differently-processed grains fed to lactating dairy cows. 
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APPENDIX A. DESCRIPTION OF CATHETERS AND SOURCES OF MATERIALS 

I. Catheter dimension: 
A. Portal vein catheter: 

Teflon white sphagetti tubing, 127 mm i.d., 2.29 mm o.d. 
Silicone (.062 mm i.d.,. 125 mm o.d.) to 8cm from burnished tip, 46" long 
with 17-gauge, dulled tubing adapter. Cuffs at 10 and 15 cm from burnished 
tip. 

B. Hepatic vein catheter: 
Same as portal except 52" long and silicone to 8, 12 or 16 cm from tip. 
Three cuffs over silicone at 2, 7 and 12 cm from silicone end at exposed 
teflon. 

C. Hepatic guide: 
Teflon, .86 mm i.d., 1.17 mm o.d., 1.57 m long with 20-guage, dulled 
tubing adapter 

D. Mesenteric vein catheter: 
Tygon®, 1.0 mm i.d., 1.78 mm o.d., TDMAC-coated, three cuffs at 6", 
6%", and 9" from tip. 103" long with 19-guage, dulled tubing adapter 

E. Mesenteric artery catheter: 
Tygon®, 1.27 mm i.d., 2.29 mm o.d., TDMAC-coated, three cuffs at 55, 
42 and 40cm from tip. 103" long with 17-gauge, dulled tubing adapter. 

II. Sources of materials 
A. Tubing adapters and stopper caps: 

Becton-Dickinson #8207 (17 gauge) 
Becton-Dickinson #8209 (19 gauge) 
Becton-Dickinson #8210 (20 gauge) 
Becton-Dickinson #8530 Sterile Male Stopper Caps 
From: 

Becton-Dickinson 
Rutherford, NJ 
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2% Heparin TDMAC, #3921 
From; 

Polysciences, Inc. 
Warrington, PA 

Teflon tubing for catheters: 
Teflon, #FCT2160, Chemflour Standard Wall Sphagetti Tubing, AWG16 
(.050 in i.d., .090 o.d.) or AWG18 (.040 in i.d., .070 o.d.). White TFE 

Made by; 
Chemplast 
150 DayRd. 
Wayne, NJ 07470 

Available from; 
Geophysical Supplies 
Houston, Texas 

Teflon, #SST-20, 20 guage tubing, light weight, .034 in i d., .006 wail 
From; 

Small Parts, Inc. 
6901 NE 3rd Ave. 
Miami, FL 33138 

Silicon rubber tubing for teflon catheter sheaths; 
#T5715-8, Silicone medical grade silastic tubing, .062 in i.d., .125 o.d. 

From; 
American Scientific Products 
1900 NW 97th Ave. 
PO Box 520276 
Miami, FL 33152 

Tygon® for mesenteric catheters; 
Tygon® Microbore Tubing, #14-170-15D, .040 in i.d., 070 in . 125 o.d. 

From; 
Fischer Scientific 
711 Forbes Ave. 
Pittsburg, PA 15219 
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F. Wire guides; 
#TSF-18-145-BH, .018 in, fixed core 
#TSF-32-145-BH, .032 in, fixed core 
#TSM-32-145-BH, .032 in, movable core 
#TSF-38-145-BH, .038 in, fixed core 
#TSM-38-145-BH, .038 in, movable core 

From. 
Cook, Inc. 
PO Box 489 
Bloomington, IN 47402 

G. Stainless steel tubing: 
HTX 17 hypodermic tubing 
HTX 19 hypodermic tubing 

From: 
Small Parts, Inc. 
6901 NE 3rd Ave. 
Miami, FL 33138 
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APPENDIX B. PROTOCOL FOR SEDATION, ANESTHESL\ AND SUPPORT OF 

COWS FOR SURGERY 

INDUCTION: 

Xylazine (Rompum®), 100-150 with 5-7 mg Acepromazine, intravenous. 

MAINTENANCE; 

0.5 to 2.0% Halothane, with oxygen. 

SUPPORT: 

2g Phenylbutazone, intravenous; 

I8-24L Normosol® (multivalent electrolyte and fluid replacer); 

500 to 1000ml of 5% dextrose; 

50nil CMPK® (calcium, magnesium, phosphorus and potassium supplement); 

3g Ampicillin, intravenous; 

20cc multivitamin complex (vitamin B), intravenous; 

lOcc Banamine®, intramuscular; 

Peritoneal flushes with 2 to 3L of standard intraperitoneal irrigating solution. 



107 

APPENDIX C. INDIVIDUAL COW DATA 



Appendix C: Table 1. Individual cow averages for daily dry matter intake (DMI), milk yield, feed efficency 
(FCM/DMI), and milk composition (Exp 1). 

Cow Diet' DMI Milk Yield 3 .5% FCM FCM/DMI Fat Protein Lactose NE, 

0/- Mcal/d Mcal/d 

1379 DR 16.81 22.00 21.82 1.31 3.45 2.99 4.60 27.6 

SF 14.01 20.27 20.76 1.45 3.65 3.18 4.77 25.1 

708 DR 17.27 27.82 27.69 1.61 3.47 2.77 4.83 28.3 

SF 16.81 26.36 25.85 1.57 3.38 3.03 5.18 30.1 

626 DR 20.33 21,64 21.29 1.06 3.40 3.07 4.73 33.3 

SF 18.53 26.32 22.61 1.42 2.63 3.05 5.25 33.2 

741 DR 17.31 23.86 23.47 1.38 3.40 3.40 4.85 28.4 

SF 18.14 27.55 24.78 1.52 2.88 3.68 5.00 32.5 

1378 DR 19.62 29.73 27.46 1.51 3.03 3.15 5.05 32.2 

SF 20.35 30.18 27.00 1.48 2.85 3.20 5.15 36.4 

1377 DR 20.84 28.55 29.15 1.37 3.63 3.23 5.00 34.2 

SF 21.99 28.91 28.49 1.31 3.41 3.18 5.07 39.4 

672 DR 15.24 27.00 27.13 1.77 3.53 2.80 4.83 25.0 

SF 13.71 27.14 24.24 1.98 2.84 2.56 4.87 24.5 

728 DR 20.65 39.91 35.83 1.93 2.87 2.57 4.70 33.9 

SF 19.84 34.77 33.36 1.75 3.25 2.52 4.62 35.5 

' DR = dry-rolled, SF = steam-flaked. 



Appendix C. Table 2. Individual cow averages for blood flows, blood glucose concentrations, and net glucose fluxes (Exp 1). 

Blood Flows Blood Glucose Concentrations Net Glucose Fluxes 
Mesenteric Portal Hepatic Mammary Total 

Cow Diet' Portal Hepatic artery vein vein vein PDV Hepatic splanchnic Mammary 
I /h -

1379 DR 1417 1848 2.83 2.78 3.03 2.13 -.306 1.903 1.597 -1.814 

SF 1231 1648 2.90 2.95 3.21 2.30 .265 1.941 2.207 -1.555 

708 DR 1903 2118 2.81 2.81 3.04 2.18 .000 2.104 2.104 -1.633 

SF 1853 2390 2.96 3.00 3.25 2.27 .320 2.674 2.994 -1.788 

626 DR 2419 2591 2.84 2.84 3.14 2.19 .000 3.358 3.358 -1,685 

SF 2410 2748 2.95 2.94 3.21 2.32 -.104 3.191 3.086 -1.633 

741 DR 1920 2066 2.73 2.72 3.01 2.15 -.083 2.582 2.499 -1.503 

SF 2377 2830 2.89 2.93 3.17 2.42 .411 3.012 3.423 -1.218 

1378 DR 2026 2512 3.03 3.02 3.27 2.34 -.088 2.692 2.604 -1.788 

SF 1877 1955 3.12 3.09 3.41 2.37 -.243 2.692 2.449 -1.944 

1377 DR 1345 — 2.69 2.68 — 2.02 -.058 — — -1.736 

SF 1577 — 2.77 2.80 — 2.12 .204 — — -1.684 

672 DR 1756 — 2.70 2 68 — 1.97 -.152 — — -1.892 

SF 1663 — 2.77 2.79 — 2.15 .144 — — -1.607 

728 DR 1841 — 2.78 2 80 . . .  1.99 .159 — — -2.048 

SF 1796 2.77 2.78 1.98 .078 — -2.048 

'DR = dry-rolled, SF = steam-flaked. 



Appendix C. Table 3. Individual cow averages for blood lactate concentrations, and net lactate fluxes (Exp 1). 

Blood Lactate Concentrations Net Lactate Fluxes 

Mesenteric Portal 
Cow Diet' artery vein 

Hepatic Mammary 
vein vein 

Total 
PDV Hepatic splanchnic Mammary 

mM kg/d 

1379 DR 0.317 0.434 0.347 0.240 0.354 -0,236 0,118 -0,099 

SF 0.259 0.365 0.291 0.226 0.279 -0,166 0,113 -0,042 

708 DR 0.302 0.382 0.274 0.226 0.325 -0,452 -0,127 -0,097 

SF 0.560 0.636 0.601 0.525 0.301 -0.092 0,209 -0,045 

626 DR 0.285 0.397 0.330 0.270 0.579 -0,330 0,249 -0.019 

SF 0.479 0.592 0.578 0.434 0,582 -0,001 0,581 -0.058 

741 DR 0.432 0.555 0.502 0.367 0.504 -0,196 0,309 -0.083 

SF 0.415 0.540 0.489 0.357 0,685 -0,187 0,447 -0.074 

1378 DR 0.571 0.695 0,638 0.490 0,537 -0,177 0,359 -0.104 

SF 0.581 0.714 0.650 0.480 0,533 -0,245 0,288 -0.129 

1377 DR 0.427 0.549 — 0.323 0,350 — — -0.133 

SF 0.480 0.595 — 0.371 0,387 — — -0.140 

672 DR 0.233 0.342 — 0.256 0,408 — — 0.029 

SF 0.180 0.293 — 0.156 0,401 — — -0,031 

728 DR 0.393 0.517 — 0.315 0,488 — — -0,100 

SF 0.350 0.472 — 0.244 0468 — — -0,136 

DR = dry-rolled, SF= steam-flaked. 



Appendix C: Table 4. Individual cow averages for blood acetate concentrations and net acetate fluxes (Exp 1). 

Blood Acetate Concentrations Net Acetate Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

mM mmol/h 

1379 DR 1.405 2.286 2 121 0.345 1248 75 1323 -636 

SF 0.838 1.581 1.582 0,189 915 311 1226 -389 

708 DR 1.234 2.075 1.869 0.342 1600 -255 1345 -535 

SF 1.183 1.944 1.847 0.338 1410 177 1587 -507 

626 DR 1.110 1.664 1.795 0.315 1340 435 1775 -477 

SF 1.185 1.940 1.973 0.358 1820 346 2165 -496 

741 DR 1.060 1.497 1.743 0.319 839 572 1411 -445 

SF 1.067 1.787 1.602 0.207 1711 - 197 1514 -516 

1378 DR 1.139 1.997 1.904 0.384 1738 183 1922 -453 

SF 1.199 2.029 1.783 0.280 1560 -416 1142 -551 

1377 DR 1.317 2.178 — 0.318 1158 — — -599 

SF 1.475 2.235 — 0,414 1198 — — -637 

672 DR 1.168 1.726 — 0.282 980 — — -532 

SF 0.953 1.744 — 0,230 1315 — — -434 

728 DR 1.188 2.009 — 0,294 1511 — — -536 

SF 1.284 2.258 0,242 1749 — — -625 

'DR = dry-rolled, SF= steam-flaked 



Appendix C: Table 5. Individual cow averages for blood propionate concentrations and net propionate fluxes 

(Exp 1), 

Blood Propionate Concentrations Net Propionate Fluxes 

Mesenteric Portal 
Cow Diet' artery vein 

Hepatic Mammary 
vein vein 

Total 
PDV Hepatic splanchnic Mammary 

mM mmol/h 

1379 DR 0.047 0.358 0.064 0.358 440.7 -409.3 31.4 -7.8 

SF 0.040 0.322 0.074 0.322 347.1 -291.1 56.0 -13.8 

708 DR 0.029 0.311 0.041 0.311 536.6 -511.2 25.4 1 00
 

SF 0.047 0.380 0.065 0.380 617.0 -574.0 43.0 -10.2 

626 DR 0.038 0,243 0.053 0.243 495.9 -457.0 38.9 -6,6 

SF 0.050 0.414 0.073 0.414 877.2 -814.0 63.2 -16,2 

741 DR 0.038 0.333 0.063 0.333 566.4 -514.8 51.6 -6.0 

SF 0.054 0.462 0.085 0.462 969.8 -882.1 87.7 -12,6 

1378 DR 0.034 0.370 0.055 0.370 680.7 -628.0 52.8 -8,4 

SF 0.029 0.376 0.049 0.376 651.3 -612.2 39 1 -8,4 

1377 DR 0.044 0.318 — 0.318 368.5 — — -10,2 

SF 0.045 0.374 — 0.374 518.8 — — -11,4 

672 DR 0.029 0.215 — 0 215 326 6 — — 1 00
 

SF 0.017 0.245 — 0.245 379.2 — — -3,6 

728 DR 0.044 0.382 — 0.382 622.2 — — -10,8 

SF 0.051 0448 — 0.448 713.0 — — -13,8 

'DR = dry-rolled, SF= steam-flaked. 



Appendic C: Table 6. Individual cow averages for blood butyrate concentrations and net butyrate fluxes (Exp I). 

Blood Butyrate Concentrations Net Butyrate Fluxes 

Mesnenteric Portal 
Cow Diet' artery vein 

Hepatic Mammary 
vein vein 

Total 
PDV Hepatic splanchnic Mammary 

mM mmol/h 

1379 DR 0.013 0.060 0.020 0.001 66.6 -53.7 12.9 -7.2 

SF 0.010 0.058 0.016 0.009 59.1 -49.2 9.9 -0.6 

708 DR 0.020 0.082 0.033 0.017 118.0 -90.4 27.5 -1.8 

SF 0.023 0.088 0.037 0.018 120.4 -87.0 33.5 -3.0 

626 DR 0.017 0.063 0.028 0.012 111.3 -82.8 28.5 -3.0 

SF 0.015 0.067 0.026 0.013 125.3 -95.1 30.2 -1.2 

741 DR 0.015 0.057 0.022 0.014 80.6 -66.2 14.4 -0.6 

SF 0.019 0.078 0.029 0.016 140.2 -111.9 28.3 -1.8 

1378 DR 0.013 0.060 0.020 0.014 95.2 -77.6 17.6 0.6 

SF 0.013 0.055 0.017 0.011 78.8 -71.0 7.8 -1.2 

1377 DR 0.019 0.070 — 0.013 68 6 — — -3.6 

SF 0.019 0.072 — 0.015 83.6 — — -2.4 

672 DR 0.017 0.058 — O.Oll 72.0 — — -3.6 

SF 0.012 0,052 — 0.009 66.5 — — -1.8 

728 DR 0.018 0.072 — 0.013 99.4 — — -3.0 

SF 0.020 0.075 0.015 98.8 -3.0 

'DR = dry-rolled, SF= steam-flaked 



Appendix C: Table 7. Individual cow averages for blood P-hydroxybutyrate (BHBA) concentrations and net 

BHBA fluxes (Exp 1). 

Blood BHBA Concentrations Net BHBA Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

mM mmol/h 

1379 DR 0.633 0.808 0.957 0 389 248,0 350,8 598,8 -146.4 

SF 0.470 0.577 0,735 0,259 131,7 305.0 436,7 -126,6 

708 DR 0.652 0.897 0,902 0,517 466,2 63.3 529,5 -81,0 

SF 0.623 0.746 0,748 0,425 227,9 70,8 298,8 -118.8 

626 DR 0.353 0.410 0,522 0,271 137,8 300,0 437,9 -49,2 

SF 0.353 0.414 0,480 0,220 147,0 202.0 349,0 -79,8 

741 DR 0.489 0.527 0,603 0,293 73,0 162,6 235,5 -117.6 

SF 0.595 0,748 0,700 0,330 363,7 -66,5 297,2 -159,0 

1378 DR 0.524 0,901 0,886 0,459 763,8 145,5 909,3 -39,0 

SF 0.521 0,711 0,847 0,384 356,6 280,7 637,3 -82,2 

1377 DR 0,496 0.587 — 0,299 122,4 — — -118,2 

SF 0.541 0.639 — 0,330 154,5 — — -126,6 

672 DR 0.391 0,489 — 0,261 172,1 — — -78,0 

SF 0.364 0.470 — 0,211 176,3 — — -91,8 

728 DR 0.460 0,585 — 0,274 230.1 — — -111,6 

SF 0.452 0,556 — 0 292 186.8 — — -96,0 

'DR = dry-rolled, SF= steam-flaked. 



Appendix C: Table 8. Individual cow averages for concentration of isobutyrate in 
blood (Exp 1). 

Blood Isobutyrate Concentrations 
Mesentenc Portal Hepatic Mammary 

Cow Diet' artery vein vein vein 

mM 

1379 DR 0.004 0.022 0.004 0 004 

SF 0.002 0.015 0.002 0.004 

708 DR 0.005 0.023 0.006 0.007 

SF 0.006 0.016 0.004 0.006 

626 DR 0.004 0.013 0.005 0.004 

SF 0.004 0.014 0.004 0.004 

741 DR 0.005 0.017 0.004 0.005 

SF 0.005 0.016 0.004 0.002 

1378 DR 0.005 0.025 0.005 0.005 

SF 0.005 0.028 0.006 0.005 

1377 DR 0.004 0.015 — 0005 

SF 0.004 0.013 — 0.005 

672 DR 0.007 0.014 — 0.005 

SF 0.000 0.015 — 0.005 

728 DR 0.007 0.018 — 0.005 

SF 0.006 0.019 0.004 

'UK = dry-rolled, 5jh= steam-tlaked. 



Appendix C; Table 9. Individual cow averages for concentration of 

2-methylbutyrate in blood (Exp 1). 

Blood 2-Methylbutyrate Concentrations 

Mesenteric Portal Hepatic Mamman 
Cow Diet' artery vein vein vein 

mM -

1379 DR 0.000 0.015 0.000 0.000 

SF 0.000 0.013 0.000 0.000 

708 DR 0.002 0.017 0.000 0.004 

SF 0.000 0.010 0.000 0.000 

626 DR 0.000 0.011 0.000 0.000 

SF 0.000 0.015 0.000 0,000 

741 DR 0.000 0.015 0.000 0.000 

SF 0.000 0.014 0.000 0.000 

1378 DR 0.000 0.017 0.000 0.000 

SF 0.000 0.020 0.000 0.000 

1377 DR 0.000 0.009 — 0.000 

SF 0.000 0.010 — 0.000 

672 DR 0.000 0.016 — 0.000 

SF 0.000 O.OIl — 0,000 

728 DR 0.000 0.011 — 0.000 

SF 0.000 0.002 - 0.000 

'DR = dry-rolled, SF= steam-flaked. 



Appendix C; Table 10, Individual cow averages for concentration of valerate in 

blood (Exp 1). 

Blood Valerate Concentrations 

Mesenteric Portal Hepatic Mamman 
Cow Diet' artery vein vein vein 

mM -

1379 DR 0.000 0.000 0.000 0.000 

SF 0.000 0.000 0.000 0.000 

708 DR 0.000 0.000 0.000 0.000 

SF 0.000 0.000 0.000 0.000 

626 DR 0.000 0.013 0.000 0.000 

SF 0.000 0.000 0.000 0.000 

741 DR 0.000 0.000 0.000 0.000 

SF 0.000 0.000 0.000 0.000 

1378 DR 0.000 0.000 0.000 0.000 

SF 0.000 0.011 0.000 0.000 

1377 DR 0.000 0.000 — 0.000 

SF 0.000 0.000 — 0.000 

672 DR 0.000 0.000 — 0.000 

SF 0.000 0.000 — 0.000 

728 DR 0.000 0.000 — 0.000 

SF 0.000 0.000 0.000 

'DR = dry-rolled, SF= steam-flaked. 



Appendix C: Table 11. Individual cow averages for daily dry matter intake (DMI), milk yield, feed efficency 
(FCM/DMI), and milk composition (Exp 2). 

Cow Diet' DMI Milk Yield 3.5% FCM FCM/DMI Fat Protein Lactose NE^ 

•— kg/d — ... o/o ..... Mcal/d 

626 SF38 19.27 20.96 18 72 1.09 2.84 2,88 4.81 33.3 

SF28 18.57 21.00 19.40 1.13 3,03 3,13 4.67 33.1 

708 SF38 19.06 27.36 26.21 1.44 3,24 2,80 5.01 33.0 

SF28 20.72 30.95 29.60 1.49 3,23 3,03 4.87 36.9 

741 SF38 14.38 25.68 24.72 1.79 3,27 2,80 5.15 24.9 

SF28 14.14 28,95 26.46 2.05 2.97 3,05 4.93 25.2 

1378 SF38 17.35 28.95 25.99 1.67 2.87 2.90 5.07 30.0 

SF28 18.90 30.73 27.64 1.63 2.88 2,80 5.15 33.6 

728 SF38 20.30 34,18 31.58 1,68 3,03 2,63 4.67 35.1 

SF28 20.94 34.14 30.65 1.63 2.87 2,62 4.63 37.3 

672 SF38 19.07 29.27 26.42 1.53 2,90 2,90 4.90 33.0 

SF28 17.65 25.64 21.19 1.45 2,43 3,16 4,72 31.4 

'SF38 = steam-flaked, density 38 lb^u; SF28 = steam-flaked, density 28 Ib/bu, 



Appendix C. Table 12. Individual cow averages for blood flows, blood glucose concentrations, and net glucose fluxes 

(Exp 2). 

Blood Flows Blood Concentrations Net Glucose Fluxes 

Mesenteric Portal Hepatic Mammary Total 

Cow Diet' Portal Hepatic artery vein vein vein PDV Hepatic splanchnic Mammary 

_ I lU ni\4 . kp/H K^U ———• 

626 SF38 2384 2466 2.84 2.84 3.12 2.40 .000 2.983 2.983 -1.140 

SF28 2334 2449 2.87 2.93 3.22 2.33 .605 3.098 3.703 -1.400 

708 SF38 2123 2851 2.93 2.93 3,25 2.32 ,000 3.941 3.941 -1.581 

SF28 2355 2911 2.90 2.85 3.20 2.13 -.509 4 281 3.773 -1.996 

741 SF38 1559 1781 2.80 2.80 3,04 2.27 .000 1.846 1.846 -1.374 

SF28 1347 1584 2.80 2.84 3.12 2.11 .233 1.957 2.190 -1.788 

1378 SF38 1881 1989 3.07 3.07 3.35 2.36 ,000 2.406 2.406 -1.840 

SF28 1873 2694 2.93 2.94 3,16 2.20 .081 2.596 2.677 -1.892 

728 SF38 1769 — 2.66 2,78 — 2.14 .917 — — -1.348 

SF28 1888 — 2.72 2.76 — 2.09 .326 — — -1.633 

672 SF38 2338 — 2,74 2.79 — 2.17 .505 — — -1.477 

SF28 2024 — 2.79 2.80 — 2.11 .087 — — -1.762 

'SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 Ib/bu. 



Appendix C. Table 13. Individual cow averages for blood lactate concentrations, and net lactate fluxes (Exp 2). 

Blood Lactate Concentrations Net Lactate Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

mM kg/d 

626 SF38 .329 .408 .367 .290 .402 -.202 .200 -.050 

SF28 .371 .434 .457 .325 .314 .136 .450 -.059 

708 SF38 .585 .668 .624 .529 .140 -.139 -.238 -.072 

SF28 .550 .647 .649 .388 .488 .128 .616 -.207 

741 SF38 .364 .493 .406 .341 .471 -.270 .160 -.029 

SF28 .281 .417 .301 .244 .391 -.324 .068 -.047 

1378 SF38 .373 .490 .414 .332 .451 -.296 .174 -.052 

SF28 .573 .657 .636 .462 .336 .026 .362 -.142 

728 SF38 .418 .533 — .320 .434 — — -.126 

SF28 .368 .503 — .300 .544 — — -.087 

672 SF38 .456 .532 — .365 .380 — — -.116 

SF28 .314 .407 .227 .402 - 1 1 1  

'SF38 = Steam-flaked, density 38 lb^u; SF28 = steam-flaked, density 28 Ib/bu. 



Appendix C: Table 14. Individual cow data for blood concentrations of acetate and net acetate fluxes (Exp 2). 

Blood Acetate Concentrations Net Acetate Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

niM mM/h 

626 SF38 1.065 1.861 1.791 0.442 1898 -107 1790 -374 

SF28 1.109 1.740 1.632 0.302 1473 -192 1281 -484 

708 SF38 1.050 2.181 2.208 0.423 2401 900 3301 -376 

SF28 1.221 1.861 2.245 0.340 1507 1474 2981 -529 

741 SF38 0.949 1.886 1.596 0.269 1461 -309 1152 -408 

SF28 0.679 1.746 1.222 0.181 1437 -577 860 -299 

1378 SF38 1.194 2.132 1.956 0.327 1764 -249 1516 -520 

SF28 1.083 1.923 1.907 0.313 1573 -646 2220 -462 

728 SF38 1.002 1.768 — 0.244 1355 — — -455 

SF28 1.141 2.194 — 0.338 1988 — — -482 

672 SF38 1.310 2.096 — 0.358 1838 — — -571 

SF28 1.125 1.852 0.324 1471 — -481 

'SF38 = Steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 Ib/bu. 



Appendix C: Table 15. Individual cow data for blood concentrations of propionate and net propionate fluxes 

(Exp 2), 

Blood Propionate Concentrations Net Propionate Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

rnM mmol/h 

626 SF38 0.043 0.338 0.066 0.029 703.3 -646.6 56.7 -8.4 

SF28 0.043 0.355 0.065 0.019 728.2 -674.3 53.9 -14.4 

708 SF38 0.040 0.456 0.082 0.027 883.2 -763.4 119.7 -7.8 

SF28 0.055 0.503 0.104 0.028 1055.0 -912.4 412.6 -16.2 

741 SF38 0.034 0.380 0.054 0.021 539.4 -503.8 35.6 -7.8 

SF28 0.027 0.375 0.048 0.016 468.7 -435.5 33.3 -6.6 

1378 SF38 0.047 0.463 0.068 0.027 782.5 -740.7 41.8 -12.0 

SF28 0.051 0.420 0.089 0.029 691.1 -588.8 102.4 -13.2 

728 SF38 0.045 0.426 — 0.028 674.0 — — -10.2 

SF28 0.043 0.389 — 0.027 653.2 — — -9.6 

672 SF38 0.046 0.371 — 0.026 759.8 — — -12.0 

SF28 0.040 0.341 0.022 609.2 — -10.8 

'SF38 = Steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 Ib/bu. 



Appendix C. Table 16. Individual cow data for blood concentrations of butyrate and net butyrate fluxes (Exp 2). 

Blood Butyrate Concentrations Net Butyrate Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

mM mmol/h 

626 SF38 0.022 0.089 0.038 0.016 159.7 -120.3 39,4 -3,6 

SF28 0.024 0.088 0,032 0.016 149.4 -129.8 19.6 -4.8 

708 SF38 0.028 0.124 0.058 0.024 203.8 -118.3 85.5 -2.4 

SF28 0.020 0.092 0,039 0.016 169.6 -114.2 55.3 -2,4 

741 SF38 0.014 0,074 0,021 0.012 93.5 -81.1 12.5 -1,2 

SF28 0.007 0.045 0,011 0,009 51.2 -44,8 6.3 1.2 

1378 SF38 0.012 0.060 0,017 0.012 90.3 -80,3 9,9 0.0 

SF28 0.017 0.069 0,026 0.017 97.4 -73,2 24,2 0,0 

728 SF38 0.023 0.090 — 0.019 118.5 — — -2,4 

SF28 0,018 0.068 — 0.012 94.4 — — -3,6 

672 SF38 0.025 0.092 — 0.018 156.6 — — -4,2 

SF28 0.019 0.072 0.012 107.3 -4,2 

'SF38 = Steam-flaked, density 38 lb^u; SF28 = steam-flaked, density 28 Ib/bu, 



Appendix C: Table 17 Individual cow data for blood concentrations of P-hydroxybutyrate (BHBA)and net 

BHBA (luxes (Exp 2). 

Blood BHBA Concentrations Net BHBA Fluxes 

Mesenteric Portal Hepatic Mammary Total 
Cow Diet' artery vein vein vein PDV Hepatic splanchnic Mammary 

fnM mmol/h 

626 SF38 0.536 0.650 0.852 0.407 271.8 507.5 779.3 -77.4 

SF28 0.592 0.677 0.744 0.375 198.4 173.8 372.2 -130.2 

708 SF38 0.677 0.901 1.060 0.562 475.6 616.4 1091.9 -69.0 

SF28 0,677 0.759 0.908 0.428 193.1 479.3 672.4 -149.4 

741 SF38 0.587 0.860 0.715 0.370 425.6 -197.6 228.0 -130.2 

SF28 0.558 0.635 0.653 0.287 103.7 46.8 150.5 -162.6 

1378 SF38 0.429 0.582 0.544 0.320 287.8 -59.0 228.7 -65.4 

SF28 0.428 0.570 0.637 0.312 266.0 297.1 563.0 -69.6 

728 SF38 0.615 0.700 — 0.376 150.4 — — -143.4 

SF28 0.487 0.701 — 0.285 404.0 — — -121.2 

672 SF38 0.531 0.580 — 0.314 114.6 — — -130.2 

SF28 0.407 0.476 0.258 139.6 — — -89.4 

'SF38 = Steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, density 28 lb^u. 



Appendix C: Table 18. Individual cow averages for concentration of isobutyrate in 
blood (Exp 2). 

Blood Isobutyrate Concentrations 

Mesenteric Portal Hepatic Mammary 
Cow Diet' artery vein vein vein 

mM -

626 SF38 0.005 0.017 0.004 0.004 

SF28 0.005 0.018 0.006 0.004 

708 SF38 0.005 0.018 0.006 0.006 

SF28 0.006 0.019 0.007 0.006 

741 SF38 0.003 0.019 0.004 0.004 

SF28 0.008 0.019 0.003 0.002 

1378 SF38 0.004 0.020 0.004 0.004 

SF28 0.004 0.016 0.004 0.005 

728 SF38 0.007 0.022 — 0.008 

SF28 0.005 0.020 — 0.006 

672 SF38 0.005 0.017 — 0.006 

SF28 0.005 0.015 0.005 

'SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 lb^u 



Appendix C: Table 19. Individual cow averages for concentration of 

2-methyIbutyrate in blood (Exp 2). 

Blood 2-niethylbutyrate Concentrations 

Mesenteric Portal Hepatic Mamman 
Cow Diet' artery vein vein vein 

mM -

626 SF38 0.000 0.014 0.000 0 000 

SF28 0.000 0.016 0.000 0.000 

708 SF38 0.000 0.014 0.000 0.000 

SF28 0.000 0.014 0.000 0.000 

741 SF38 0.000 0.016 0.000 0.000 

SF28 0.000 0.017 0.000 0,000 

1378 SF38 0,000 0.015 0.000 0,000 

SF28 0,000 0.012 0,000 0.000 

728 SF38 0,000 0.016 — 0,000 

SF28 0,000 0.014 — 0,000 

672 SF38 0000 0.014 — 0,000 

SF28 0,000 0.011 0,000 

'SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 Ib/bu. 



Appendix C: Table 20. Individual cow averages for concentration of valerate in 

blood (Exp 2). 

Blood Valerate Concentrations 

Mesenteric Portal Hepatic Mamman 
Cow Diet' artery vein vein vein 

mM -

626 SF38 0.000 0.023 0.000 0.000 

SF28 0.000 0.028 0.000 0.000 

708 SF38 0.000 0.035 0.000 0.000 

SF28 0.000 0.032 0.000 0.000 

741 SF38 0.000 0.023 0.000 0.000 

SF28 0.000 0.000 0.000 0.000 

1378 SF38 0.000 0.000 0.000 0.000 

SF28 0.000 0.000 0.000 0.000 

728 SF38 0.000 0.019 — 0.000 

SF28 0.000 0.017 — 0.000 

672 SF38 0.000 0.028 — 0.000 

SF28 0.000 0.000 0.000 

'SF38 = steam-flaked, density 38 Ib/bu; SF28 = steam-flaked, 28 Ib/bu. 
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