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Preface

Metabolic Diseases of Dairy

Cattle

Thomas H. Herdt, DVM, MS

Editor

Metabolic disease continues to be a substantial challenge in the dairy industry, not only
in North America but also in all other regions in which modern dairy cattle breeds are
managed and fed for high milk yields. Undoubtedly, some of this continuing challenge
is related to progressive improvement in dairy cow genetics and the ever-increasing
average milk yields of modern dairy cattle. Improvements in production capacity chal-
lenge us to manage and feed cows to allow them to adapt to the tremendous metabolic
demands of high milk production. More than this, however, I believe the continued and
perhaps even enhanced interest in metabolic diseases of dairy cattle comes from our
expanding understanding of the diverse ramifications of the metabolic events of early
lactation. These ramifications go well beyond those associated with traditionally
described metabolic diseases, such as milk fever and ketosis, and include the much
broader realm of nearly all diseases common to early lactation cows. The intertwining
associations among various metabolic stresses and their relationships to other dis-
eases, particularly infectious and inflammatory diseases of early lactation, have now
become a central focus of the interest in metabolic diseases of dairy cattle.

The issue leads off with articles addressing this complex association of metabolism
with other health and nutritional challenges to the dairy cow. The article by Lorraine
Sordillo and William Raphael illustrates the interrelationship of metabolism and inflam-
mation and describes how metabolic events may lead to altered inflammatory re-
sponses and increased susceptibility to infectious diseases. The following article by
Michael Allen and Paola Piantoni addresses new concepts in the potential relationship
between metabolism and appetite regulation, particularly in early lactation cows. Ideas
expressed in this article point to the potential of a “downward spiral” of metabolic
events that may diminish feed intake at the exact time when feed intake should be
increasing. The contributions by Jenne De Koster and Geert Opsomer, and by JR
Roche and coworkers, discuss the long-term implications of body condition and
body condition changes, their effects on insulin resistance, and subsequent effects

Vet Clin Food Anim 29 (2013) xi–xii
http://dx.doi.org/10.1016/j.cvfa.2013.05.001 vetfood.theclinics.com
0749-0720/13/$ – see front matter � 2013 Published by Elsevier Inc.
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on metabolic health. The articles by Ian Lean and colleagues, in addition to giving
many practical recommendations for dry cow feeding and management, also present
some new ideas and information describing potential mechanisms for an interrelation-
ship and interaction between mineral and energy metabolism. I believe these articles
all broaden the scope of what we’ve traditionally called “metabolic disease.”

Other articles in this issue describe diagnostic tools for the herd-level evaluation of
metabolic status and metabolic disease risk. Some of these are well developed and
others are in development. The article by Paula Ospina and coworkers describes
rigorous new approaches to the herd-level evaluation of serum nonesterified fatty
acid and b-hydroxybutryic acid concentrations. These tests have been in wide appli-
cation for some time and this article offers new insights, particularly into the herd-level
interpretation of these values. The contribution from Giuseppe Bertoni and Erminio
Trevisi points out the potential advantages in creating multivariate testing approaches
to be applied at both the individual animal and the herd level. In this same vein of
describing potentially new testing procedures to aid in the management of metabolic
disease in dairy cows, Jenne Koester and Geert Opsomer describe diagnostic tests
that may become practical in the field for the evaluation of insulin resistance in cows.

Finally, several articles in this issue, including some of those mentioned above,
include sections describing very practical regimens for the management and preven-
tion of metabolic disease in dairy cows. Included among these are those by Jessica
Gordon and colleagues on ketosis therapy and Garrett Oetzel on the prophylactic
use of oral calcium supplements.

I wish to express my admiration for and my appreciation to the contributing au-
thors. They are a distinguished group of international scientists. This issue represents
a worldwide contribution to continuing developments in the investigation, manage-
ment, and prevention of metabolic diseases in dairy cattle.

Thomas H. Herdt, DVM, MS
Department of Large Animal

Clinical Sciences and Diagnostic
Center for Population and Animal Health

College of Veterinary Medicine
Michigan State University

East Lansing, MI 48824, USA

E-mail address:
Herdt@cvm.msu.edu
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Significance of Metabolic Stress,
Lipid Mobil ization, and
Inflammation on Transition Cow
Disorders

Lorraine M. Sordillo, MS, PhDa,*, William Raphael, BVSc, MSb

Dairy cattle are susceptible to increased incidence of metabolic and infectious dis-
eases during the physiologic transition from late pregnancy to early lactation. Dramatic
changes in both metabolic activity and dysfunctional immune responses are closely
associated with the development of many transition cow disorders.1,2 Although dairy
cows undergo several physiologic changes during the onset of lactation that may

Disclosure: the authors acknowledge research support through grants (2011-67015-30179 and
2012-67011-20019) from the Agriculture and Food Research Initiative Competitive Grants Pro-
grams of the USDA National Institute for Food and Agriculture and by an endowment from the
Matilda R. Wilson Fund (Detroit, MI).
a Department of Large Animal Clinical Sciences, College of Veterinary Medicine, Michigan
State University, 784 Wilson Road, G300 Veterinary Medical Center, East Lansing, MI 48824,
USA; b Department of Large Animal Clinical Sciences, College of Veterinary Medicine, Michigan
State University, 736 Wilson Road, D202 Veterinary Medical Center, East Lansing, MI 48824, USA
* Corresponding author.
E-mail address: sordillo@msu.edu

KEYWORDS

� Inflammation � Lipid mobilization � Oxidative stress � Transition period � Disease

KEY POINTS

� The incidence and severity of disease is greatest during the transitionperiod.when immune
functions are impaired.

� Intense lipid mobilization is associated with both metabolic and infectious diseases in the
transition cow.

� Significant increases in plasma nonesterified fatty acids contribute to oxidative stress and
uncontrolled inflammatory responses.

� A dysfunctional inflammatory response is the common link between metabolic and infec-
tious diseases around the time of calving.

� Intervention strategies that can reduce lipid mobilization may improve inflammatory
responses and reduce the economic losses associated with health disorders during the
transition period.

Vet Clin Food Anim 29 (2013) 267–278
http://dx.doi.org/10.1016/j.cvfa.2013.03.002 vetfood.theclinics.com
0749-0720/13/$ – see front matter � 2013 Elsevier Inc. All rights reserved.



contribute to health problems, the mobilization of excessive body fat reserves and sig-
nificant increases in plasma fatty acid concentration are important risk factors leading
to enhanced disease.3 The direct role that increased lipidmobilization has on liver func-
tion and the pathogenesis of certain metabolic diseases such as fatty liver and ketosis
is well established. However, more recent evidence suggests that increased plasma
fatty acid concentrations may indirectly affect both metabolic and infectious disease
pathogenesis by compromising the function of cells involved in immune responses.
Uncontrolled inflammatory reactions are especially important in the pathogenesis of
several transition cow disorders. A better understanding of the interrelationship be-
tween metabolic stress, lipid mobilization, and immune dysfunction during the transi-
tion period facilitates the design of better control programs to prevent health
disorders during this critical period in the production cycle of dairy cows. This article
addresses the possible linkages between fat mobilization and dysfunctional inflamma-
tory responses that may contribute to increased morbidity and mortality in transition
dairy cows.

PHYSIOLOGIC ADAPTATIONS OF THE TRANSITION COW

The transition period for dairy cows is defined as approximately 3 weeks pre partum
until 3 weeks post partum. Major physiologic, nutritional, metabolic, and immunologic
changes occur within this time frame as the production cycle of the cow shifts from a
gestational nonlactating state to the onset of copious milk synthesis and secretion. For
example, cows must adjust metabolically to the dramatic increase in energy require-
ments that is needed to ensure optimal milk production in the ensuing lactation. Milk
production requires large amounts of carbohydrates for lactose synthesis, and nearly
all the available glucose in the body is diverted to the mammary gland for this purpose.
Dairy cattle experience appetite suppression during the last week of gestation, and it
can take up to a week after calving before dry matter intake (DMI) recovers.4 The
imbalance between energy consumed and the energy needed for production de-
mands is termed negative energy balance (NEB). During times of NEB, sufficient en-
ergy must be mobilized from tissue stores to support energy-dependent needs of
the body, and adipose tissues are a major fuel source for cows during the transition
period. However, a balanced metabolic response during the onset of lactation is
needed to regulate the appropriate amount of lipid mobilization. Initially, a decrease
in blood glucose level occurs in response to both high demands of lactation and dimin-
ished DMI. The reduction in blood glucose results in lower insulin levels, which trigger
the fat mobilization process through lipolysis. During lipolysis, nonesterified fatty acids
(NEFAs) are cleaved from triglyceride molecules within adipocytes through the action
of various hormone-sensitive lipases. NEFA is then transported into the blood by albu-
min, where it can be used as an energy source and also initiate negative feedback
loops to regulate the amount of lipolysis (Fig. 1). The overall cumulative effect should
result in relatively constant blood glucose concentrations needed for milk synthesis
and secretion without excessive NEFA accumulation in the blood.5

Metabolic Stress

Cows successfully adapt to NEB when adipose mobilization is adequately regulated
and the release of NEFA is limited to concentrations that can be fully metabolized
for energy needs. Although lipid mobilization provides the energy needed to promote
milk production, excessive release of lipids from adipose tissues and accumulation of
high concentrations of free fatty acids in the blood are positively correlated to several
metabolic problems in the transition cow.6 The development of ketosis and fatty liver,

Sordillo & Raphael268



for example, is a direct consequence of significant increases in plasma NEFA concen-
trations.5 Recent studies showed that multiparous cows with plasma NEFA concen-
tration higher than 0.57 mEq/L after calving experienced a 600-kg decrease in milk
yield.6 Reduced lactation performance as a consequence of high plasma NEFA con-
centrations can be explained, in part, by the detrimental impact on liver function. When
taken up by hepatocytes, NEFA can be re-esterified to triglycerides or undergo
b-oxidation to generate energy in the mitochondria. However, during intense NEFA
flux, the capacity of hepatocytes to export newly synthesized triglycerides is
exceeded. Excessive triglyceride accumulation in the liver also results in reduced fatty
acid oxidation, which is essential for gluconeogenesis. A reduction in gluconeogenesis
in the liver as a result of triglyceride accumulation limits the available blood glucose
needed for optimal milk production and contributes further to the energy deficits in
the transition cow. The uptake of NEFA in the liver also results in the production of ke-
tone bodies as intermediate products during fatty acid metabolism. Ketones are
released into the blood, where they can be used as energy substrates, especially in
muscle and nerve tissues. Ketosis develops during intense lipid mobilization when
the rate of ketogenesis exceeds ketone body use. The most abundant ketone body,
b-hydroxybutyrate (BHB), is often used to assess the degree of NEB and lipid mobili-
zation in transition dairy cows.
Overconditioned cows with high body condition scores (BCSs) were reported to

have a greater incidence of health problems in the transition period when compared
with leaner cows.7 Cows with a high BCS tend to lose more body weight through lipid

Fig. 1. Metabolic adaptations during the transition period. There is an increased demand
for available glucose during the transition period to support the onset of lactation. NEB oc-
curs as a result of this increased glucose requirement and reduced DMI. Lower blood glucose
concentrations result in a concomitant decrease in blood insulin concentrations. A decrease
in blood insulin concentrations triggers the release of NEFA from adipose tissues through
the increased activation of lipases. The increase in NEFA is another source of energy that
helps to conserve glucose for milk synthesis. When insulin concentrations increase during
moderate lipid mobilization, the rate of NEFA release from adipose tissue is downregulated
because of the insulin-dependent reduction of lipase activity. However, during intense lipid
mobilization, excessive accumulation of NEFA may interfere with optimal feedback re-
sponses through the increased expression of tumor necrosis factor a (TNF-a). An emerging
hypothesis is that the increased expression of TNF-a may interfere with insulin-dependent
reductions in lipase activity and escalate the accumulation of plasma NEFA. Thus, metabolic
stress results when appropriate metabolic feedback regulation is lost as a consequence of
excessive lipid mobilization, such as in obese humans and transition dairy cows.
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mobilization, resulting in enhanced increases in NEFA and BHB concentrations during
the onset of lactation. In humans, obesity is associated with insulin resistance, and the
large adipose mass becomes less responsive to the modulating effects of insulin.8

Thus, obesity may exacerbate the severity of metabolic diseases by the formation
of destructive feedback loops that lead to enhanced lipolysis and increased blood
NEFA and BHB concentrations (see Fig. 1). Although the potential of obesity-
induced insulin resistance is not established in cows, there is a model indicating
that this may be the case,9 and excessive body fat is a well-established positive
risk factor for metabolic disorders in cows.3

Inflammatory Response

Intense adipose mobilization may also be a critical factor leading to dysfunction im-
mune responses and infectious diseases during the transition period. Significant in-
creases in lipid mobilization predispose dairy cows to both metabolic (fatty liver,
ketosis) and infectious (mastitis, metritis) diseases.10,11 The transition period is char-
acterized as a time of dramatic changes in the efficiency of the bovine immune system,
which coincides with metabolic stress. Dairy cattle defend themselves from invading
pathogens by a complex network of immune cells and soluble mediators, which are
highly coordinated to provide optimal disease resistance. Inflammation is a critical
component of the initial immune response, which often determines if pathogens are
able to establish disease. The inflammatory process is initiated when localized im-
mune and nonimmune cells within the affected tissues are able to recognize invading
microbes through highly conserved pathogen recognition receptors. The recognition
process activates these resident cell populations and stimulates the release of potent
proinflammatory signaling molecules, including nitric oxide, eicosanoids, and cyto-
kines. These inflammatory mediators can act locally on the vascular endothelium to
increase blood flow and facilitate the migration of leukocytes from the blood to the
site of infection. Newly recruited and preexisting leukocytes, primarily neutrophils
and macrophages, act cooperatively to eliminate microbial pathogens through phago-
cytosis and various intracellular killing mechanisms. Cytokines and eicosanoids can
also elicit systemic inflammatory responses, which include release of acute phase
proteins from the liver, increased body temperature, increased heart rate, and reduced
feed intake. An efficient inflammatory response eliminates the invading pathogen, re-
stores immune homeostasis, and returns tissues back to normal function and
morphology.
Many aspects of the bovine immune system are compromised around the time of

calving, especially with respect to appropriate inflammatory responses.12 There are
several ways that excessive or chronic inflammatory responses can lead to increased
health disorders in the transition cow. During infectious diseases, for example, mac-
rophages and neutrophils are important for the prompt detection and elimination of
invading pathogens. Many studies have documented that the antimicrobial functions
of these leukocyte populations are compromised and certain pathogens are able to
evade local defenses and establish long-term disease. Mastitis caused by either
Staphylococcus aureus or Streptococcus uberis are examples of how widespread im-
mune evasion of mammary gland immune cells can result in chronic inflammation and
extensive tissue damage. Conversely, there are some mastitis-causing pathogens
that can elicit uncontrolled recruitment and activation of inflammatory cells, which
contribute to pathogenesis. Coliform mastitis is more severe during early lactation
when compared with later stages of lactation. Early lactation cows with coliform
mastitis express high milk and serum concentrations of tumor necrosis factor a
(TNF-a), interleukin 1 (IL-1), and IL-6, which are directly related to increased disease
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severity. The major sources of these proinflammatory cytokines are macrophages and
endothelial cells. Previous studies showed that these cells are more responsive to
bacterial endotoxins during early lactation, which may contribute to exacerbated
inflammation responses during coliform mastitis.13,14 As a consequence, the delicate
balance between a sufficient inflammatory response needed for optimal pathogen
clearance and the prompt return to immune homeostasis is often lost during the tran-
sition period. Therefore, factors that contribute to either hyporesponsive or hyperre-
sponsive inflammatory responses likely contribute to the pathophysiology of any
inflammatory-based disease.

LINK BETWEEN METABOLIC AND INFLAMMATORY RESPONSES

In human medicine, there is ample evidence to suggest that obesity and the associ-
ated increase in plasma NEFA concentrations lead to a chronic inflammatory condi-
tion.15,16 Systemic inflammation during obesity is characterized by the abnormal
production of proinflammatory cytokines (ie, TNF-a and IL-6) and bioactive lipid me-
diators, which orchestrate the magnitude and duration of the inflammatory response.
Adipocytes and macrophages that reside in adipose tissues are the cellular sources
for these proinflammatory mediators and the resulting chronic inflammatory condition
is believed to sensitize the body to both infectious and metabolic diseases in obese
people.15 Increased TNF-a concentrations also can block downstream signaling of
insulin-mediated events. In humans, TNF-a is believed to be the link between
obesity-induced insulin resistance and increased lipid mobilization.16 The possibility
that an overly aggressive or chronic inflammatory response during NEB can increase
the incidence of transition cow disorders has been the subject of intense research
interest.
Numerous studies suggest that certain aspects of energy metabolism, especially

lipid mobilization, can negatively affect a balanced inflammatory response in transition
dairy cattle. Dysfunction or unregulated inflammatory responses are believed to be the
common link between the increased incidence of both metabolic and infectious dis-
eases during the transition period. This assumption is based on the observations
that metabolic and infectious diseases tend to occur in complexes with each other
rather than as isolated events in cows during early lactation.17 Moreover, increased
incidence of any single transition cow disorder increases the chance that they suc-
cumb to other health issues. For example, epidemiologic studies indicated an associ-
ation between the development of retained placenta and the incidence of mastitis.18 In
addition, cows suffering from ketosis were twice as likely to develop mastitis than
healthy cows.19 Although a direct causal link has not been established in cattle, there
is ample evidence to suggest that increased health disorders during the transition
period are symptomatic of a dysfunctional immune system.

Impact of Metabolic Stress on Inflammation

The relationships between metabolic factors and compromised immunity during the
transition period have been investigated extensively.2,20 Intense lipid mobilization dur-
ing the transition period has long been recognized as a major contributing factor lead-
ing to immune dysfunction. The direct impact that metabolic stress has on immune
functions around the time of calving was clearly shown using a mastectomy cow
model.21 In this study, pregnant dairy cows were mastectomized to assess the impact
of milk production and NEB on immunity, but presumably maintaining the endocrine
changes associated with late pregnancy and parturition. The mastectomy cows did
not experience the dramatic shift in NEB, as indicated by only moderate increases
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in NEFA when compared with the intact cows. The functions of lymphocytes and neu-
trophils were significantly better in the mastectomy cows when compared with the
intact cows during the transition period. The major conclusion from this study was
that increased lipid mobilization caused by the metabolic demands of lactation can
directly diminish the antimicrobial functional capabilities of immune cells during early
lactation.21 Another study22 showed that certain metabolites associated with NEB also
can negatively affect neutrophils and other immune cell functions. Ketotic cows are
believed to be more susceptible to mastitis and other infectious conditions because
of the adverse effects that BHB concentrations have on leukocyte antimicrobial mech-
anisms.22,23 Plasma BHB concentrations are also significantly higher and neutrophil
antimicrobial function lower during clinical cases of metritis.20 Another important
metabolic adaptation that may affect immunity is the change in glucose availability
during the transition period as a consequence of NEB. Macrophages and neutrophils
require considerable energy to support their antimicrobial functions, and glucose
serves as a primary fuel source.24 Therefore, the dramatic decrease in blood glucose
concentrations during intense lipid mobilization and ketosis may also affect host de-
fenses around the time of calving by limiting the fuels needed by immune cell popula-
tions.22 The concept that an activated inflammatory reaction may compete with other
production-related processes (ie, milk synthesis) for limited nutrients may account for
the decreased productive efficiency of dairy cows during morbidity.

Fatty Acids Alter Inflammation

The possibility that the progressive increase in blood NEFA concentrations can
directly affect inflammatory responses is supported by several recent investigations.1

An increase in lipid mobilization in transition cows changes both the concentration and
composition of plasma NEFA. The saturated fatty acids, palmitate and stearate, and
the monosaturated oleic acid are the predominant fats found in plasma NEFA around
the time of calving. Conversely, there is a decrease in some of the polyunsaturated
fatty acid (PUFA) such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). These changes are important to immunity because the fatty acid content of im-
mune cells reflects the compositional changes seen in plasma NEFA during the tran-
sition period.1 The fatty acid composition of immune cells can alter their functions in
several ways. Once internalized by leukocytes and endothelial cells, fatty acids can
play a significant role in intracellular signaling pathways, which can regulate the
magnitude and duration of inflammation. In humans, for example, certain saturated
and PUFAs can bind a family of nuclear receptors called peroxisome proliferator-
activated receptors (PPARs). Both a-linolenic acid and DHA are ligands for PPAR
and can downregulate inflammatory reaction in many cell types, including mononu-
clear leukocytes and endothelial cells.15 In contrast, palmitate and stearate can
enhance proinflammatory signaling pathways through the activation of nuclear factor
kB (NFkB).15 Although the direct effects that lipid mobilization may have on these
signaling pathways have not been examined specifically in the dairy cow, changes
in the composition of bovine NEFA around calving are consistent with the composition
of human NEFA, which elicits a proinflammatory response.15

Another way that changes in NEFA composition could influence immunity is through
the production of a class of lipid mediators called eicosanoids, which orchestrate
many aspects of the inflammatory response. Macrophages and endothelial cells are
major cellular sources of these lipid mediators, and some general categories of eicos-
anoids include prostaglandins, thromboxanes, leukotrienes, lipoxins, resolvins, and
protectins. Eicosanoids are derived from either omega-6 and omega-3 PUFAs found
in cell membrane phospholipids. The major omega-6 fatty acids used for eicosanoid
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biosynthesis include arachidonic and linoleic acids, whereas EPAs and DHAs are
included in the omega-3 PUFA category. These fatty acids serve as substrates that
become oxidized through either cycolooxygenase or lipoxygenase enzymatic path-
ways. In general, the omega-6–generated eicosanoids tend to enhance inflammatory
responses and the omega-3–derived eicosanoids tend to promote the resolution of
inflammation.25 Thus, shifts in the phospholipid content of immune cells as a conse-
quence of intense lipid mobilization can affect inflammatory responses by modifying
the profile of eicosanoids produced.
Recent studies have begun to investigate how changes in NEFA concentration and

composition may directly alter bovine inflammatory responses during times of intense
lipid mobilization. Exposure to NEFA mixtures that mimic the composition and con-
centration found in cows during the transition period increased proinflammatory cyto-
kine and eicosanoid expression by vascular endothelial cells.26 Similar finding were
reported in which high NEFA concentrations diminished the functional capabilities
of mononuclear cells and antibacterial mechanisms of neutrophils.27 However,
increasing the omega-3 fatty acid content of endothelial cells could mitigate the proin-
flammatory responses to high NEFA concentrations.28 The reduced inflammatory
response could be a result of shifts in the eicosanoid profiles after omega-3 supple-
mentation, in which more proresolving eicosanoids were produced, including resol-
vins, protectins, and lipoxins.28

Collectively, both epidemiologic observations and in vitro studies support the
concept that the metabolic consequences of increased lipid mobilization around the
time of calving are predictive for the subsequent development of health disorders,
in which compromised immunity plays a significant role in pathogenesis.6 Further-
more, changes in NEFA plasma concentrations and composition, as a consequence
of intense lipid mobilization, can directly alter the magnitude and duration of the in-
flammatory response of certain immune cells through several mechanisms, including
alterations in the balance of proinflammatory and proresolving eicosanoids biosyn-
thesis.2 However, inflammation can also be controlled through efficient disease pre-
vention programs, which not only limit exposure to pathogens but also optimize
vaccination protocols.

Oxidative Stress and Inflammation

Metabolically stressed cows also are known to produce excessive amounts of reac-
tive oxygen species (ROS), which can damage cells involved in the inflammatory
response. ROS is a general term used to describe several reactive molecules and
free radicals derived from molecular oxygen (Table 1). Molecular oxygen is required
as an electron donor for efficient energy production, and ROS are formed as a normal
end product of cellular metabolism.29 Most ROS are derived in metabolically active
cells during aerobic energy metabolism through the mitochondrial electron transport
chain. Other sources of ROS include various oxidizing enzyme pathways, especially
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Some examples of

Table 1
Examples of ROS

Free Radicals Nonradicals

Superoxide anion (O2
-�) Hydrogen peroxide (H2O2)

Hydroxyl radical (OH�) Hypochlorous acid (HOCl-)

Hydroperoxyl (HO2
�) Single oxygen (1O2)
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ROS produced during energy generation or as a result of increased NADPH oxidase
activity include superoxide anion, hydroxyl radical, and hydrogen peroxide. Low to
moderate concentrations of ROS are required for the regulation of normal cellular pro-
cesses, including those that regulate the immune response. For example, ROS can
activate NFkB signaling pathways in various immune cell populations and increase
the expression of cytokines and vascular adhesion molecules needed to orchestrate
inflammatory responses. Some ROS, such as nitric oxide, also play an important
role in regulating vascular tone needed to increase blood flow to localized areas of
infection. Larger amounts of ROS are produced by neutrophils and macrophages
through NADPH oxidase activity. The ROS produced by these immune cells are
essential for the destruction of invading pathogens after bacterial phagocytosis.
Collectively, ROS are essential for optimizing immune defenses, especially during
the early stages of disease.
Although ROS have numerous beneficial effects on immune and inflammatory

responses, damage to host cells can occur if build-up of these highly reactive mole-
cules becomes excessive. Several endogenous antioxidant defense mechanisms
are present to tightly regulate ROS accumulation and are capable of slowing or pre-
venting the oxidation of other molecules. Antioxidant defenses are diverse, can be
either synthesized in the body or derived from the diet, are localized transiently
throughout tissues and different cell types, and can be characterized as either radical
scavengers or detoxifying enzyme systems.11 Certain vitamins and trace minerals are
important dietary sources of antioxidant defenses. Table 2 summarizes some antiox-
idant defenses that are needed to protect host tissues from excessive ROS. A combi-
nation of both radical scavengers and detoxifying enzymes systems is required to
maintain an ROS homeostasis. Although small fluctuations in the steady-state con-
centrations of ROS are necessary for optimal immune and inflammatory responses,
dramatic imbalances can result in tissue damage and loss of normal cell function.
Oxidative stress is a term used to describe various deleterious processes resulting

from an imbalance between excessive formation of ROS or reduced antioxidant de-
fenses. Disturbances in the balance between ROS production and antioxidant de-
fenses can result in substantial damage to nearby tissues by oxidizing cellular lipids,
proteins, and DNA. Membrane phospholipids, for example, are especially susceptible
to peroxidation and the subsequent formation of lipid radicals. If allowed to accumu-
late, these lipid peroxy radicals can act on adjacent fatty acids in the cellular plasma
membranes and induce even more radical formation through positive feedback loops.
As a result, excess ROS accumulates and can lead to a loss of normal membrane func-
tion and even cell death if the condition persists.11 Increasedmetabolic demands asso-
ciated with the onset of lactations increased oxidative stress in the transition cow.
There is ample evidence to suggest that oxidative stress can contribute to dysfunc-
tional inflammatory responses in metabolically stressed cows.2,10,30

Table 2
Examples of antioxidant defenses

Radical Scavengers Detoxifying Enzymes Systems

Ascorbic acid (vitamin C) Super oxide dismutase: copper, zinc, or manganese-containing
enzyme that reduces superoxide anion

a-Tocopherol (vitamin E) Catalase: catalyzes the reduction of hydrogen peroxide

b-Carotene (vitamin A) Glutathione peroxidase: selenium-dependent enzyme that
catalyzes the degradation of hydrogen peroxide and organic
peroxides to less reactive water and alcohols
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In humans, oxidative stress can lead to chronic inflammation and contribute to the
pathogenesis of several inflammatory-based diseases including atherosclerosis, dia-
betes, and cancer.11 Oxidative stress and inflammation are closely linked and act syn-
ergistically to perpetuate chronic inflammatory states that lead to these health
disorders. Oxidative stress increases inflammation primarily through the activation of
proinflammatory signaling pathways. For example, ROS can activate the redox-
sensitive transcription factor, NFkB, which in turn increases the expression of
proinflammatory cytokines, eicosanoids, and other lipid mediators. Exposure of
macrophagesandendothelial cells toTNF-acan increasemitochondrial ROS formation
and escalate oxidative stress.11 There also is a close association between oxidative
stress and inflammation in transition dairy cattle.30 The enhanced expression of
TNF-a and other proinflammatory cytokines was linked with the severity of coliform
mastitis during the transition period, when cows experience oxidative stress.31,32 Mac-
rophages obtained fromearly lactation cowswere especiallymore sensitive to bacterial
endotoxin stimulation and produced more TNF-a when compared with cells obtained
from late-lactation cows.14 More recent studies showed an inverse relationship
between antioxidant activity and TNF-a production by mononuclear leukocytes ob-
tained from cows experiencing oxidative stress.33 Collectively, these studies support
the contention that oxidative stress and inflammation can work in concert to aggravate
the pathology of transition cow disorders.
The degree of inflammation and oxidative stress in transition cows can be enhanced

further by several other factors, including environmental stress (eg, heat stress), dis-
ease challenge, obesity, and increased plasma NEFA concentrations. For example,
increased lipid mobilization can increase the severity of oxidative stress and inflamma-
tion in several ways. Enhanced uptake of NEFA by the liver is accompanied by an in-
crease in peroxisomal oxidation. Although peroxisomal oxidation increases the total
oxidative capacity of hepatocytes, hydrogen peroxide is produced as an initial metab-
olite, which can escalate ROS accumulation during time of increased NEFA availabil-
ity.34 Increased plasma NEFA concentrations also can cause more oxidative stress by
increasing lipid hydroperoxide formation. The transition to lactation, especially with
obese cows, causes increased plasma markers of lipid peroxidation, which correlate
with higher NEFA concentrations.35,36 Several in vitro studies26,37,38 also provide
direct evidence that increases in NEFA concentration and individual lipid hydroperox-
ides resulting from oxidative stress can increase the proinflammatory phenotype and
alter eicosanoid biosynthesis in bovine endothelial cells. Collectively, these data sup-
port the contention that oxidative stress and enhanced systemic inflammatory status
in transition cows may be the common factors that contribute to metabolic and infec-
tious disorders in transition cows.2,30

To elicit effective antioxidant responses and fuel immune cell activation, cows must
use energy that could otherwise be used for production. As a result, increased oxida-
tive stress and systemic inflammation can diminish the productive efficiency of dairy
cows during the transition period indirectly by diverting available energy. Given the
detrimental impact that oxidative stress has on immunity and associated health disor-
ders, maintenance of oxidative balance should be a priority in managing the transition
cow.

Impact of Inflammation on Metabolism

Metabolic stress can disrupt appropriate inflammatory responses, but there is suffi-
cient evidence to suggest that inflammation can contribute to metabolic disorders
as well.34 During the pathogenesis of infectious diseases, such as coliform mastitis,
there is a significant increase in proinflammatory cytokines, including TNF-a, IL-1b,
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and IL-6, which contribute to systemic inflammatory responses.39 The increased con-
centrations of plasma TNF-a are especially associated with the severe clinical symp-
toms during acute inflammation. There is compelling evidence in both humans and
cattle that TNF-a can promote the breakdown of fat stores and significantly increase
blood NEFA concentrations not only by decreasing feed intake but also by directly
stimulating lipolysis.15,40 Therefore, pathogen-induced systemic inflammation can
exacerbate the already significant increases in plasma NEFA that occur during the
transition period. As a consequence, acute systemic inflammation can contribute to
metabolic disorders by increasing lipid mobilization, impairing insulin sensitivity, pro-
moting triglyceride accumulation in the liver, and reducing liver glucose production.5,40

SUMMARY AND INTERVENTION STRATEGIES

Historically, strategies to control metabolic and infectious diseases during the transi-
tion period have been treated as independent issues. However, more recent evidence
suggests that changes in nutrient metabolism and changes in immunologic function
are interdependent and it is the collective changes in these factors that affect the over-
all health of the transition cow. Therefore, strategies that help manage NEB, blood
NEFA, and BHB concentrations around the time of calving can have a beneficial influ-
ence of immune and inflammatory responses. This goal can be achieved by optimizing
diet ingredients, energy consumption, and rumen fermentation in the prepartum and
postpartum period to minimize NEB during the transition period. Maintaining moder-
ate BCS and not overfeeding during the prepartum period also helps to keep blood
NEFA and BHB concentrations lower than detrimental threshold levels. Because
inflammation and oxidative stress are intricately linked with most transition cow disor-
ders, the control of these factors should be addressed as well. Inflammation can be
controlled through efficient disease prevention programs that not only limit exposure
to infectious pathogens but also optimize vaccination protocols. Providing adequate
amounts of dietary antioxidant micronutrients, such as vitamin E and selenium, has
proved to be an effective way of controlling oxidative stress and reducing some infec-
tious diseases such as mastitis. Another approach to control oxidative stress and
inflammation is to reduce other physiologic stressors associated with the manage-
ment of transition cows. For example, housing conditions should be optimized to
avoid overcrowding, improved stall design, cooling, and ventilation. Minimizing
grouping changes around calving not only decreases social stress but also minimizes
DMI depression by improving nutritional management. A better understanding of the
complex interaction between metabolic stress and dysfunctional inflammatory re-
sponses will most likely lead to additional strategies that effectively reduce transition
cow disorders and the large economic losses to the dairy industry.
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Metabolic Control of Feed Intake
Implications for Metabolic Disease of Fresh Cows

Michael S. Allen, PhDa,*, Paola Piantoni, Veterinaria, MSb

INTRODUCTION

Suppression of appetite in dairy cows during the postpartum (PP) period results in
negative energy balance (NEB), which increases the risk of metabolic disorders.
Cows in the PP period are in a lipolytic state from low plasma insulin concentration
and decreased insulin sensitivity of tissues, which results in a gradual increase in
plasma nonesterified fatty acid (NEFA) concentration in the days before parturition.
The liver extracts NEFA from the blood, and these can be esterified and stored as tri-
glycerides (TG) or oxidized to acetyl CoA. Acetyl CoA is oxidized completely to CO2 or
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KEY POINTS

� Metabolic diseases are associated with depression of feed intake in the peripartum
period.

� Control of feed intake during the peripartum period is likely dominated by signals from
hepatic oxidation of fuels.

� Cows are in a lipolytic state in the peripartum period that is initiated several weeks prepar-
tum as insulin concentration in blood and insulin sensitivity of adipose tissue decrease.

� The continuous supply of NEFA to the liver during the lipolytic state at this time likely
suppresses feed intake as they are oxidized.

� Diet interacts with the extent of lipolysis to affect feed intake.

� A better understanding of the metabolic control of feed intake can help implement strate-
gies to reduce risk of metabolic disease.
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incompletely to ketones, which are then exported to the general circulation. Excessive
storage of NEFA as TG compromises liver function while oxidation of NEFAmight sup-
press feed intake. Satiety caused by hepatic oxidation of fuels might be a dominant
mechanism controlling feed intake, especially in the peripartum period.1 Minimizing
the rate of lipolysis and the duration of the lipolytic state are key to reducing incidence
of metabolic disease; especially because feed intake is likely controlled by hepatic
oxidation of NEFA. Lipolysis can be controlled by preventing excessive body condi-
tion, minimizing stress in the peripartum period, and maximizing energy intake in the
PP period. Optimal body condition at parturition and increased energy intake PP
can be achieved with strategic diet formulation. The objective of this article is to
discuss metabolic control of feed intake in the peripartum period and its implications
for metabolic disease of fresh cows. Understanding how feed intake is controlled
during the transition from gestation to lactation is critical to both reduce risk and suc-
cessfully treat many metabolic diseases.

LIPOLYTIC STATE OF COWS IN THE PERIPARTUM PERIOD

The lipolytic state begins several weeks prepartum, with the decline in plasma insulin
concentration and the decrease in insulin sensitivity of adipose tissue andmuscle, and
extends for up to several weeks PP. The decrease in insulin sensitivity of tissues is
likely caused by the gradual increase in growth hormone,2 proinflammatory cytokines,
such as tumor necrosis factor a3 from the placenta and adipose tissue, and increased
plasma NEFA concentration.4 Signals related to the concomitant gestation initiate
lipolysis to provide NEFA as a fuel to the liver and extrahepatic tissues, sparing the
glucose required for fetal development. Euglycemia is maintained until initiation of lac-
togenesis,5,6 likely because glucose is spared by use of NEFA as a fuel. In addition,
elevated NEFA concentration in blood is required to increase fat concentration of
colostrum and milk in early lactation to meet the energy requirements of the calf. How-
ever, excessive fat mobilization can result in hepatic lipidosis, ketosis, and other meta-
bolic disorders related to low feed intake and NEB. Importantly, oxidation of NEFA in
the liver likely induces satiety, which might be the cause of the depression in feed
intake.1 Suppressed feed intake following parturition prevents restoration of euglyce-
mia, extending the lipolytic state for days or weeks PP. The depression in feed intake
that occurs during the peripartum period is likely caused by the lipolytic state that is
established several weeks prepartum and increases greatly in the days before
parturition.
Hepatic export of ketones is beneficial to some extent because complete oxidation

of NEFA might depress feed intake further. Therefore, in the PP period, a limited in-
crease in ketone body concentrations in blood (plasma [BHB] <1.2 mmol/L7) should
be considered normal, because lipid mobilization and NEFA oxidation is the expected
response to decreased insulin sensitivity and plasma insulin concentration around
parturition. Nevertheless, concentrations of BHB in plasma lower than 1.2 mmol/L
are indicators of a good transition from gestation to lactation. In contrast, elevated
plasma ketone body concentrations indicate a lipolytic state that likely suppresses
feed intake. In this case, peripartum cows would benefit from a diet composition
different from what might be optimal days or weeks later,1 when control of feed intake
by hepatic oxidation subsides and signals from ruminal distention begin to dominate.

METABOLIC DISEASES RELATED TO DEPRESSED FEED INTAKE

The depression in dry matter intake (DMI) PP results in a period of NEB for most cows,
increasing the risk of metabolic disorders.8 The extent of lipid mobilization and,
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therefore, the depression in DMI, will determine if the cow will have normal plasma
ketone body concentrations or will develop either subclinical or clinical ketosis. Inci-
dence of ketosis is related to plasma concentrations of NEFA both prepartum9 and
PP10 and to high body condition score (BCS) at parturition.11 Although ketosis might
be secondary to other disease(s) that can depress DMI and increase NEB, it can also
be primary, with no apparent cause. In both cases, feed intake suppression from
hepatic oxidation of NEFA is probably a contributing factor.
The decline in DMI in the peripartum period is greater for cows with higher BCS,12

and this predisposes them to increased incidence of metabolic disorders, including
ketosis and hepatic lipidosis. Cows with excessive body condition (BCS �3.5 on a
1 to 5 scale) during the transition period, likely have a greater rate and extent of lipol-
ysis than cows with lower BCS because they have a larger mass of adipose tissue that
can be mobilized and because the release of proinflammatory cytokines that
contribute to insulin resistance13 is increased when the mass of adipose tissue is
greater. Prolonged lipolysis is likely associated with a longer period of depressed
feed intake and, therefore, NEB.
Liver uptake of NEFA is proportional to their concentration in the blood.14 Excessive

hepatic TG concentration is a result of high blood NEFA concentration and compro-
mises liver function, reducing gluconeogenesis15 and, therefore, restoration of blood
glucose and insulin concentrations, further extending the lipolytic state. Because
ruminant liver has limited capacity to export TG as very low density lipoproteins
(VLDL),16 limiting lipolysis is the primary goal for a successful transition from gestation
to lactation.
Other health disorders are associated with depressed feed intake around parturi-

tion. Depression in feed intake in the first several days PP greatly alters the balance
between calcium absorbed and secreted in milk, increasing the risk of hypocalcemia.
In addition, elevated blood NEFA concentration, and the resulting feed intake depres-
sion and increased ketones, will likely compromise the immune system response,
increasing the risk of retained fetal membranes and metritis.17–19 Furthermore,
depressed feed intake results in lower rumen digesta mass and volume increasing
the risk of displaced abomasum from lower rumen fill and subacute ruminal acidosis
from reduced buffer capacity of ruminal digesta.20

CONTROL OF FEED INTAKE

A variety of factors interact to affect feed intake of dairy cows, including diet, manage-
ment, environment, milk yield, and their physiological state (eg, insulin concentration
and insulin sensitivity of tissues). Feeding behavior is controlled by brain feeding cen-
ters in the hypothalamus that receive peripheral signals from afferents in the liver and
gut, as well as from metabolites and hormones. Feed intake is determined by the size
and frequency of meals. Meal size is a function of eating rate and meal length, and the
length of meals is determined by satiety. Meal frequency is affected by the time inter-
val between meals, which is determined by hunger. Diet, social interactions, and
stress affect feeding behavior and these are at least partially under management con-
trol (eg, cow comfort, strategic grouping, overcrowding, diet composition). Therefore,
an understanding of how feeding behavior is controlled is vital to improve feed intake
in dairy cows during the peripartum period.
Feed intake control mechanisms are complex and involve multiple signals, redun-

dancies, and levels of integration. Signals include distention from rumen fill (physical
regulation), gut peptides (endocrine regulation), and oxidation of fuels (metabolic regu-
lation). These signals are additive,21,22 and decisions to initiate and end meals are a
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result of integration of signals within brain feeding centers. The dominant signals
controlling feeding behavior will likely vary temporally, within days, as well as through
lactation.

Physical Regulation

Physical fill in the rumen has been studied extensively and previously reviewed.23 The
filling effect of diets is determined primarily by forage neutral-detergent fiber (NDF),
forage fragility (susceptibility to particle size breakdown by digestion and chewing),
and digestion characteristics affecting turnover rate of fiber, such as the potentially
digestible fraction and its rates of digestion and passage.24 Rumen distention is
sensed by tension receptors located primarily in the reticulum and cranial sac of the
rumen,25 conveyed to brain feeding centers, and integrated with other signals to
determine feeding behavior. Signals from ruminal distention from physical fill likely
dominate control of feed intake during the periods of highest milk production. This
is in contrast to periods earlier and later in lactation, as discussed later in this article.

Endocrine Regulation

Gut peptides that potentially contribute to the control of feed intake include ghrelin,
cholecystokinin (CCK), and the incretin glucagon like peptide 1 (GLP-1), which also
may stimulate insulin secretion.26 Several of these have been studied in the ruminant
animal27,28 but most of the work has been done in nonruminants because of their
potential use as satiety factors in the treatment of obesity in humans.29,30 Ghrelin is
known as the “hunger hormone” and is secreted by abomasal tissues. It is the only
gut peptide known currently to stimulate feed intake, likely by increasing gastric
emptying and passage rate from the rumen. Other gut peptides are secreted by the
small intestine in response to various nutrients in the chyme. They may affect feed
intake, gastric emptying, and favor digestion of nutrients through an increase in secre-
tion of digestive enzymes or bile. A decrease in gastric emptying will likely result in
longer retention times in the rumen and small intestine, favoring digestion and absorp-
tion of nutrients. Gut peptide signals (direct and indirect through effects on motility and
distention as well as insulin and metabolism) are also integrated by brain feeding
centers to determine feeding behavior.

Metabolic Regulation

Metabolites derived from the diet and mobilized from body reserves affect feed intake,
which is likely related to their ability to be oxidized in the liver. This has been previously
reviewed1,31 and is discussed in relation to metabolic diseases in the sections that
follow.

SIGNAL FROM HEPATIC OXIDATION OF FUELS

Research with laboratory species suggests that hepatic oxidation of fuels affects
feeding behavior and that these signals are carried to brain feeding centers via hepatic
vagal afferents; stimulation of oxidation inhibits feeding, whereas inhibition of fuel
oxidation stimulates feeding. Various metabolic inhibitors have increased the
discharge rate of hepatic vagal afferents and stimulated feeding, whereas hepatic va-
gotomy has blocked the stimulation of satiety by a variety of fuels in multiple spe-
cies.31 This research indicates that fuel oxidation in peripheral tissues is involved in
the control of feeding and that the transmission of signals to brain feeding centers
is via hepatic vagal afferents. We call this the Hepatic Oxidation Theory (HOT) of
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control of feed intake1 and think it merits consideration for a better understanding of
the prevention and treatment of metabolic diseases.

Energy Charge in the Liver

A series of experiments conducted by Friedman and colleagues32 showed that
feeding behavior was related to hepatic energy status rather than fuel oxidation and
ATP production per se. Energy status is measured by adenylate energy charge
([ATP] 1 0.5[ADP])/([ATP] 1 [ADP] 1 [AMP]) and is related to phosphorylation poten-
tial. It is determined by the balance between the rate of production of high-energy
phosphate bonds from oxidation of fuels and their rate of utilization by energy-
consuming reactions. An increase in hepatic energy status has been related to
decreased firing rate of hepatic vagal afferents and satiety. Firing rate increases in
the period between meals as hepatic oxidation subsides and energy charge is
depleted, resulting in hunger and meal initiation (Fig. 1). Even though we know the
hypophagic response to fuel oxidation is likely linked to an increase in hepatic energy
status, the mechanisms by which oxidation of fuels in hepatocytes affect the firing rate
of the hepatic vagus are yet to be discovered.1

Fuels Oxidized in the Liver

Fuels extracted from the blood and oxidized in ruminant liver include NEFA, glycerol,
lactate, and amino acids (mobilized from body reserves, produced by metabolism of
other fuels, and provided by the diet), as well as propionate and butyrate, produced by
microbial fermentation in the gastrointestinal tract. All these fuels have the potential to
induce satiety at different degrees. Acetate and glucose are not extracted from the
blood by the liver because the activity of the enzymes required for their activation
and subsequent metabolism are low in ruminant liver.24 Consistent with HOT, their
hypophagic effects in ruminants are much lower than fuels that are metabolized by
ruminant liver.33
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Fig. 1. Theoretical temporal relationship between hepatic energy charge and feeding
behavior in the postpartum period. Energy charge ([ATP] 1 0.5[ADP])/([ATP] 1 [ADP] 1

[AMP]) is related to phosphorylation potential. Energy charge increases over time within
a meal as propionate and other glucogenic metabolites stimulate oxidation of acetyl CoA
in the TCA cycle. Increased energy charge results in a decrease in the discharge rate of
hepatic vagal afferents, causing satiety and end of the meal (arrows). Energy charge likely
continues to increase as metabolites are absorbed following the end of meals, and, as
absorption subsides, energy charge decreases. The discharge rate of hepatic vagal afferents
gradually increases, causing hunger and initiation of meals (arrows). The pattern of change
in energy charge within and following meals (represented the same here for simplicity) is
likely determined by several factors, including extent of lipolysis, eating rate, and diet starch
concentration and ruminal fermentability.
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Effects of Propionate on Feed Intake

Hypophagic effects of propionate infusions (as propionic acid or sodium propionate)
have been documented extensively for ruminants.24 Propionate is more hypophagic
than acetate or butyrate when infused into the portal vein of sheep,34 and infusion
of propionate into the mesenteric vein of steers reduced feed intake, whereas acetate
infused at similar rates did not.35 Although propionate might be expected to decrease
feed intake compared with acetate when infused at the same rate because it has a
higher energy concentration, propionate linearly decreased metabolizable energy
intake in lactating cows when infused intraruminally as iso-osmotic mixtures
compared with acetate.36 The liver is likely involved in control of feed intake by propi-
onate because hypophagic effects of portal infusions of propionate were eliminated by
hepatic vagotomy.37 These studies suggest that hypophagic effects of propionate
cannot be explained simply by the additional energy supplied compared with acetate.
It is unlikely that animals consume feed to meet their energy requirements per se but
rather have fuel-specific mechanisms regulating satiety and hunger.
Propionate is produced primarily by ruminal fermentation of starch. Of fuels metab-

olized by the ruminant liver, propionate is likely a primary satiety signal because its flux
to the liver increases greatly during meals.38 Rate of propionate production and flux to
the liver within meals (Fig. 2) is determined primarily by rate of eating, as well as the
concentration and ruminal fermentability of dietary starch.24 Propionate is efficiently
extracted by the liver and can be oxidized by conversion to acetyl CoA when its
rate of extraction exceeds its rate of use for glucose production and acetyl CoA con-
centration is low. When cows are in a lipolytic state and hepatic acetyl CoA concen-
tration is elevated, propionate oxidation is inhibited and propionate will be used as
a glucose precursor. However, propionate entry into the tricarboxylic acid (TCA) cycle
can stimulate oxidation of the existing pool of acetyl CoA (Fig. 3),1 generating ATP and
increasing energy charge. Control of feed intake by propionate in the PP period as well
as implications for diet formulation will be discussed in later sections.

Fig. 2. Probable temporal relationship between ruminal fermentability of starch and propio-
nate flux to the liverwithinmeals. Ruminal starch fermentability of high-moisture corn (HMC,
solid line) is greater compared with dry corn (DC, dashed line), resulting in increased propio-
nate flux to the liver during meals assuming the same starch concentration in the diet. Propi-
onic acid stimulateshepatic oxidation, increasingenergy charge.A faster fluxofpropionate to
the liver duringmeals elevates energy charge and decreases the firing rate of vagal afferents,
causing satiety and ending meals sooner (arrows). A less fermentable starch source will likely
allow a higher dietary starch concentration, increasing intake of total glucose precursors.
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CONTROL OF FEED INTAKE IN THE PP PERIOD

The “flood” of readily oxidizable NEFA to the liver is likely responsible for the
depression of feed intake during the peripartum period consistent with the inverse
temporal relationship between plasma NEFA concentration and DMI observed in
many studies.1 The following sections detail hepatic oxidation of fuels to provide
a better understanding of how diet likely interacts with lipolytic state to affect en-
ergy intake.

Oxidation of NEFA in the Liver

Carnitine acyl transferase (CAT1) transports NEFA into mitochondria by binding them
to carnitine. The balance between transport of NEFA into mitochondria and their
esterification and storage as TG is affected by several factors, including availability
of carnitine and concentration and activity of enzymes. Supplementation of carnitine
to transition cows increased in vitro oxidation of palmitate39 and depressed feed
intake in the early PP period,40 consistent with HOT.1 Moreover, CAT1 is inhibited
by malonyl CoA (an intermediate in fatty acid synthesis) and methylmalonyl CoA
(an intermediate in propionate metabolism). Once inside the mitochondrion, reducing
equivalents (FADH2 and NADH) are generated by b-oxidation of NEFA. These
reducing equivalents can then generate ATP, thus increasing the energy charge of
the cell. It is important to recognize, however, that reducing equivalents must

Fig. 3. Model by which feed intake might be controlled according to the hepatic oxidation
theory. Solid lines show the flow of carbon, whereas dashed lines show stimulation/inhibi-
tion of flow. Propionate can be used by the liver for gluconeogenesis, using ATP, or oxidized
in the TCA cycle through acetyl CoA, producing ATP. Acetyl CoA produced from b-oxidation
of fatty acids and other ketogenic fuels is oxidized in the TCA cycle or exported as ketones.
Decreased insulin concentration, increased insulin resistance, and stress increase lipolysis,
thereby increasing the pool of acetyl CoA through b-oxidation of NEFA. Propionate uptake
during meals stimulates oxidation of acetyl CoA to CO2, generating ATP, increasing energy
charge, and stimulating satiety. (Adapted from Allen MS, Bradford BJ, Oba M. The hepatic
oxidation theory of the control of feed intake and its application to ruminants. J Anim Sci
2009;87:3317; with permission.)
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undergo oxidative phosphorylation (OXPHOS) to generate ATP. Therefore, there may
be a lag phase during which reducing equivalents may accumulate before ATP gen-
eration, thus they may not immediately affect energy charge, as discussed later.
Each cycle of b-oxidation shortens the FA by 2 carbons, yielding 1 molecule of

acetyl CoA, FADH2, and NADH. The process continues until the entire chain is cleaved
into acetyl CoA units (or until there is a propionyl CoA terminal in the case of odd-chain
FA). Acetyl CoA, in turn, is either oxidized in the TCA cycle or exported as ketone
bodies (Fig. 4). Each cycle of b-oxidation yields at least 14 ATP if acetyl CoA is
oxidized in the TCA cycle, but only 4 if it is exported as ketone bodies. If feed intake
is controlled by hepatic energy status, exporting acetyl CoA from the liver as ketone
bodies is expected to help alleviate the depression of intake, because ketogenesis
would not generate as great an increase in energy charge as would complete oxida-
tion of acetyl CoA.
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Fig. 4. Oxidation of fuels in hepatocytes of cows in the peripartum period. The lipolytic
state during the peripartum period results in greater uptake of NEFA by the liver. NEFA
are either transported via CAT1 into the mitochondria for b-oxidation or converted to TG.
TG are stored in the cytosol for later oxidation or exported as very low-density lipoproteins.
Oxidation of NEFA generates acetyl CoA, FADH2, and NAD. The acetyl CoA produced can
enter the TCA cycle in the citrate synthase reaction and be oxidized completely to CO2 or
exported as acetoacetate (AcAc) or beta-hydroxybutyric acid (BHB). Oxidation of acetyl
CoA in the TCA cycle is dependent on availability of TCA intermediates. In the PP period,
gluconeogenesis is stimulated because of the high glucose demand, increasing transport
of malate and phosphoenolpyruvate (PEP) to the cytosol and depleting TCA intermediates.
Increased concentration of acetyl CoA from b-oxidation conserves glucose precursors
by stimulating pyruvate carboxylase (PC), enhancing pyruvate conversion to oxaloacetate
(OAA), and decreasing activity of pyruvate dehydrogenase complex (PDC), decreasing pyru-
vate conversion to acetyl CoA. Flux of intermediates through the cycle is also affected by
enzyme concentration and activity, which, in turn, is affected by redox state. Reducing
equivalents are generated in mitochondria by b-oxidation (FADH2 and NAD) and by the
TCA cycle (NADH), and exported as BHB, shuttled to the cytosol (eg, malate), or used by OX-
PHOS to generate high-energy phosphate bonds. Because TCA intermediates are likely
limiting in the PP period, there is increased export of acetyl CoA as ketones. Supply of
TCA intermediates is primarily from lactate, amino acids, and propionate. Propionate up-
take by the liver within meals stimulates TCA activity, which generates ATP, NADH, and
CO2. The production of CO2 stimulates OXPHOS, which converts reducing equivalents to
ATP, increasing energy charge.
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Oxidation of Acetyl CoA

Acetyl CoA is themetabolic crossroad by which all fuels pass through to be oxidized to
CO2 and water in the TCA cycle. The 2-carbon acetyl moiety enters the TCA cycle in
the citrate synthase reaction by combining with oxaloacetate (OAA) to form citrate (see
Fig. 4). A fast rate of oxidation of acetyl CoA within the time frame of meals is expected
to increase energy charge in the liver, thus inducing satiety rapidly, decreasing meal
size, and possibly overall DMI. The rate of oxidation of acetyl CoA is likely affected
by the availability of TCA cycle intermediates that provide OAA required for this reac-
tion. Availability of TCA intermediates is likely low in the PP period because high
glucose demand results in an upregulation of gluconeogenesis, which depletes the
pool of TCA intermediates and decreases oxidation of acetyl CoA, as suggested by
Krebs.41

Oxidation of acetyl CoA in the TCA cycle is not only affected by the concentration of
TCA intermediates in mitochondria, but also by the flux of these intermediates through
the cycle. The speed at which the available intermediates complete the cycle is
affected by the concentrations and activity of the enzymes involved. These enzyme
activities are affected by the mitochondrial redox state with activities diminishing
with the accumulation of reducing equivalents, as reflected in decreasing NAD1/
NADH and FAD/FADH2 ratios. Reducing equivalents are produced by b-oxidation of
fatty acids (FA) and by oxidation of acetyl CoA in the TCA cycle, thus high rates of
b-oxidation (as occurs when serum NEFA concentrations are high) are expected to
feedback negatively on the rate of acetyl-CoA oxidation. As a result, elevated NADH
concentration in the mitochondria will inhibit the flux of acetyl CoA through the TCA
cycle, providing less OAA available for the citrate synthase reaction over time (see
Fig. 4). Therefore, the capacity of the liver to oxidize acetyl CoA is determined by total
TCA intermediates, which, in turn are affected by the balance between their rates of
entry (anaplerosis) and exit (cataplerosis), and their flux through the cycle (determined
by enzyme concentration and activity and the redox state).

Supply of TCA Intermediates

TCA cycle intermediates are continuously removed and replenished; anaplerosis pri-
marily from propionate entry through succinyl CoA, and lactate entry through OAA via
pyruvate. Glucogenic amino acids enter as various TCA intermediates. Lactate is
supplied by diets containing silages and fermented feeds (small amounts), and by
anaerobic metabolism of glucose by splanchnic tissues, erythrocytes, and muscle.
Oxidation of amino acids depends on their supply relative to demand, as well as amino
acid profile. Amino acids absorbed from the gastrointestinal tract and mobilized from
muscle are used for protein synthesis, but excess supply of individual glucogenic
amino acids increases their entry into the TCA cycle. Greater entry of amino acids
into the TCA cycle occurs when supply of all amino acids exceeds the demand for pro-
tein synthesis and when protein synthesis is limited by individual amino acids. Propi-
onate, produced primarily by ruminal fermentation of starch, is the fuel that will most
likely supply TCA intermediates within the time frame of meals when starch is fed,
because of the potential for rapid production in the rumen and extraction by the liver.
Diets with highly fermentable starch can greatly increase flux of propionate to the liver
(see Fig. 2), increasing energy charge within meals (Fig. 5).

TCA Activity and Control of OXPHOS

Why do cows normally consume their largest meal(s) of the day just after feeding42

when plasma NEFA concentration is highest?33 Why do cows in a lipolytic state
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(with copious reducing equivalents produced by b-oxidation) eat at all? Although this
seems paradoxical, reducing equivalents produced by b-oxidation might not be used
immediately by OXPHOS to produce ATP and increase energy charge in the liver. A
key finding recently reported is that OXPHOS is controlled by bicarbonate from meta-
bolically derived CO2 within mitochondria.43 The primary source of CO2 is the TCA
cycle (see Fig. 4), and no CO2 is produced by b-oxidation. Rate of production of
CO2 likely corresponds to meals, when substrate entry into the TCA cycle is greatest,
and declines following meals. The rapid increase in CO2 during meals likely stimulates
OXPHOS, greatly increasing energy charge by using reducing equivalents that might
have accumulated since the previous meal. Consequently, the energy charge of the
liver can increase very quickly depending on the flux of TCA intermediates to the liver
within the time frame of meals. Following meals, acetyl CoA oxidation and CO2 pro-
duction decrease as TCA intermediates are likely depleted, decreasing OXPHOS ac-
tivity, while high-energy phosphate bonds are used continuously by anabolic reactions
in the liver. The conversion of reducing equivalents produced by b-oxidation to ATP
will slow down, resulting in their accumulation between meals, a decrease in energy
charge, and eventually hunger.

Interaction of Propionate and Lipolytic State

Rapid entry of TCA intermediates from propionate during meals might dramatically in-
crease energy charge because of (1) increased oxidation in the TCA cycle of the exist-
ing pool of acetyl CoA in the liver, and (2) conversion of accumulated reducing
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Fig. 5. Theoretical temporal relationship between ruminal fermentability of starch and
hepatic energy charge within meals for cows in a lipolytic state. Energy charge ([ATP] 1
0.5[ADP])/([ATP] 1 [ADP] 1 [AMP]) represents phosphorylation potential. Energy charge in-
creases over time within a meal as propionic acid produced by ruminal fermentation of
starch stimulates hepatic oxidation. Ruminal starch fermentability of high-moisture corn
(HMC, solid line) is greater than dry corn (DC, dashed line), resulting in increased propionate
flux to the liver during meals, assuming the same starch concentration in the diet. Propionic
acid stimulates oxidation of acetyl CoA in the TCA cycle, increasing energy charge. As energy
charge increases, the decreased firing rate of vagal afferents causes satiety, ending the meal
(dotted lines). A less fermentable starch source will likely allow a higher dietary starch
concentration, increasing intake of total glucose precursors.
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equivalents to ATP by OXPHOS, which is stimulated by the CO2 produced in the TCA
cycle. Because propionate flux to the liver can increase greatly during meals, the rapid
increase in energy charge might depress meal size and energy intake, counteracting
its benefits as a glucose precursor.24

Little propionate carbon per se is oxidized in the PP period because of the elevated
concentration of acetyl CoA; most of the propionate will enter the TCA cycle and then
be routed to thegluconeogenicpathway.AcetylCoAstimulatespyruvatecarboxylase,44

conserving glucose precursors in the TCA cycle, and inhibits pyruvate dehydrogenase
complex,45 preventing the conversion of pyruvate to acetyl CoA,which is the committed
step in its oxidation. However, hypophagic effects of propionate may be enhanced
because entry of propionate into the TCA cycle stimulates oxidation of the existing
pool of acetyl CoA (see Fig. 3), which is abundant for most cows in the PP period.
Propionate was more hypophagic for cows in the PP period compared with cows in

midlactation,46 likely because propionate stimulated oxidation of the available pool of
acetyl CoA supplied by b-oxidation of NEFA frommobilization of body lipid stores. Our
recent research demonstrated that the hypophagic effects of propionate increased
linearly with hepatic acetyl CoA concentration when propionate was infused intrarumi-
nally in cows in the PP period.47 Therefore, although propionate is an important
glucose precursor, enhanced propionate flux to the liver within meals might depress
feed intake for cows in a lipolytic state and might be more hypophagic for cows
with greater lipolysis.

KETOSIS TREATMENTS IN RELATION TO METABOLIC CONTROL OF FEED INTAKE

Hepatic oxidation of NEFA likely suppresses intake, predisposing cows to ketosis.
Therefore, successful treatment of ketosis must focus on decreasing lipolysis to stim-
ulate feed intake rather than reducing ketone body production alone. Common treat-
ments for ketosis include oral administration of glucogenic precursors, including
propylene glycol and calcium propionate (see article by Gordon and colleagues, else-
where in this issue). Although both can theoretically increase plasma glucose and
decrease plasma ketone body concentrations by stimulating oxidation of acetyl
CoA in the liver, their efficacies vary. Results for both treatments are inconsistent in
terms of plasma NEFA and ketone body concentrations: propylene glycol generally
decreases plasma NEFA concentration and sometimes decreases concentration of
ketone bodies, but calcium propionate is less effective.48–50 Propylene glycol enters
the TCA cycle as OAA (after conversion to lactate and pyruvate in the liver) and
propionate enters the TCA cycle as succinyl CoA. Because both metabolites are inter-
mediates of the TCA cycle, they can potentially inhibit feed intake through increased
oxidation of acetyl CoA; however, propylene glycol might stimulate hepatic oxidation
and depress feed intake to a lesser extent than propionate because its uptake by the
liver and metabolism is slower.51 Metabolism of lactate to pyruvate is not favored ther-
modynamically when cytosolic NADH (high concentration of reducing equivalents) is
elevated and this may be the reason for a slower metabolism of propylene glycol, rela-
tive to propionate. Glycerol is another glucose precursor that has been used to treat
ketosis but it has been cost-prohibitive until biodiesel production increased its supply
recently.52 Johnson53 reported that oral administration of glycerol was more effective
at increasing blood glucose compared with propylene glycol. Glycerol can enter the
gluconeogenic pathway through dihydroxyacetone-phosphate without entering the
TCA cycle, providing the potential advantage relative to propylene glycol or propio-
nate of increasing glucose production with reduced risk of stimulating oxidation and
suppressing feed intake.
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Because the administration of these glucose precursors is oral, a portion of propyl-
ene glycol and glycerol will be metabolized in the rumen by ruminal bacteria. Glycerol
is metabolized to propionic acid,54 whereas propylene glycol is metabolized to propi-
onic acid, as well as some propanol, and propanal;51 however, administration in
drenches or boluses overwhelms the metabolic capacity of ruminal bacteria. There-
fore, a large proportion of these gluconeogenic precursors is expected to be absorbed
intact. Adding small amounts of propylene glycol or glycerol in the diets is less likely to
be effective at increasing plasma glucose concentration because ruminal microbes
would partially metabolize them to propionate, decreasing their potential advantage
by depressing feed intake.
Propionate decreases b-oxidation of NEFA in the liver by increasing their esterifica-

tion to TG in the cytosol55 or by inhibiting their transport into the mitochondria. This
inhibition may occur because propionate is converted to methylmalonyl CoA, a mole-
cule that can inhibit CAT1,56 which is necessary for the transport of NEFA into the
mitochondria. In addition, propionate decreases the activity of 3-hydroxy-3-methyl-
glutaryl (HMG)-CoA synthase,57 the rate-limiting enzyme in the conversion of acetyl
CoA to ketone bodies, thus potentially decreasing the export of acetyl CoA from the
liver as ketone bodies and increasing its availability for oxidation in the TCA cycle
(see Fig. 3). Although a reduction in b-oxidation of NEFA might be expected to reduce
energy charge, increased availability of acetyl CoA by reducing its export as ketone
bodies would counteract the effect. In addition, increased fatty acid storage as TG
might reduce hepatic function. Propylene glycol might also have opposite effects on
oxidation of NEFA because it enters the TCA cycle through pyruvate, which increased
b-oxidation of NEFA in liver cells in vitro.58

Monensin is an ionophore that selectively inhibits gram-positive bacteria, shifting
ruminal populations of bacteria, generally increasing ruminal propionate production
and affecting ruminant metabolism. A meta-analysis of treatment means from the liter-
ature indicated that monensin significantly reduced concentration of ketone bodies in
lactating cows, including cows fewer than 30 days PP.59 Monensin decreased feed
intake slightly but effects of the ionophore on feed intake for cows in the PP period
was not specified.60 The reduction in ketone body concentration was attributed to a
reduction in plasma NEFA concentration. Increasing propionate by inclusion of mon-
ensin in rations might be less hypophagic than by increasing ruminal starch ferment-
ability, or direct addition of propionate or propionate precursors to the ration because
the ionophore likely results in a more consistent supply of absorbed propionate over
time.
Intravenous dextrose treatment has a direct effect on increasing plasma glucose

concentration and insulin and, therefore, this treatment is more often used in extreme
cases of ketosis. Insulin injections have also been reported in the treatment of ketosis,
because insulin can inhibit lipolysis and ketogenesis. However, administration of
exogenous insulin alone will exacerbate the existing hypoglycemia61 and decrease
gluconeogenesis so insulin should be administered in combination with other thera-
pies. Indirect increases in insulin concentration by stimulation of gluconeogenesis
(eg, by glucagon injection) would be preferable because hypoglycemia will be
prevented.
Glucocorticoid injections might alleviate ketosis through effects on metabolism

and production. However, their use is considered controversial by some scientists.62

Intramuscular administration of glucocorticoids increases mobilization of amino
acids from muscle, providing precursors for gluconeogenesis, reduces insulin sensi-
tivity of tissues,63 and can decrease milk yield. The reduction in insulin sensitivity of
tissues and milk yield will assist in restoring euglycemia because glucose uptake by
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insulin-sensitive tissues and the mammary gland will be decreased. Increased sup-
ply of TCA cycle intermediates64 might decrease synthesis and release of ketone
bodies at the risk of anorexia from greater oxidation of acetyl CoA; however, greater
production and lower use of glucose might increase plasma glucose concentration
and insulin secretion, decreasing lipolysis and the supply of NEFA for oxidization
in the liver.
Vitamin B complex and vitamin B12 alone are sometimes used in the treatment of

ketosis. Several B vitamins act as cofactors of enzymes involved in the production
of glucose from propionate. However, biotin and B12 are cofactors for enzymes
involved in propionate entry into the TCA cycle, and treatment might result in a greater
increase in energy charge within meals if the activities of the corresponding enzymes
are limited by these cofactors. Therefore, although they might enhance glucose
production, they might also decrease meal size and possibly feed intake.
Response to ketosis treatments varies greatly among cows. Cows with excessive

body condition are at greater risk of ketosis in the days following parturition and are
more recalcitrant to treatment. This is probably because they are more insulin resistant
than cows with a lower BCS and, therefore, elevating plasma glucose for short periods
(with dextrose administration) might not decrease plasma NEFA concentration enough
to stimulate appetite. In addition, these cows are at greater risk of liver lipidosis, which
will impair liver function. Moreover, FA stored as TG in the liver may be oxidized over
time, continuing to suppress feed intake even when elevated glucose and insulin from
treatment temporarily decrease adipose lipolysis. These cows will likely require an
extended course of treatment to overcome ketosis. In contrast, other cows respond
well to increased plasma glucose concentration from dextrose infusion or glucocorti-
coid injection. These latter cows tend to have a spontaneous increase in serum ketone
body concentrations several weeks into lactation, and as they reach peak milk yield. In
this case, fat is likely mobilized and plasma NEFA concentration increased because
insulin is low from hypoglycemia or because of stress, but not because they are
more insulin resistant as in cows with higher BCS. Like cows with insulin resistance,
feed intake is likely depressed from increased oxidation of NEFA in the liver. However,
increasing plasma glucose over the short term likely increases insulin enough to inter-
rupt fat mobilization, resulting in increased feed intake and restored euglycemia, which
will decrease plasma NEFA concentration and ketogenesis, alleviating anorexia.

STRATEGIES TO DECREASE METABOLIC DISORDERS

If feed intake during the PP period is controlled primarily by the hepatic oxidation of
fuels, as much evidence suggests,1,31 then the root cause of most fuel-related meta-
bolic disorders is that feed intake is suppressed by the flood of NEFA to the liver during
periods of excessive lipolysis. Therefore, minimizing the rate of lipolysis and the dura-
tion of the lipolytic state are key to reducing the incidence of metabolic diseases.
Lipolysis can be reduced by (1) managing body condition, (2) minimizing stress, and
(3) formulating diets to increase hepatic glucose production.

Managing Body Condition

Optimum BCS at parturition has been revised downward over the past couple of de-
cades because cows with greater body condition have depressed feed intake, greater
NEB, and greater risk of metabolic disease65 (see also the article by Roche and col-
leagues, elsewhere in this issue). We currently recommend a BCS at parturition of
3.0 to 3.25 on a 1 to 5 scale at parturition. The best method to manage body condition
of the herd without decreasing milk yield is to have an excellent reproductive program
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and to group cows by their physiological state.66 Degree and extent of NEB can
decrease fertility,67 so methods to increase energy intake in early lactation will help
improve reproductive performance and prevent extended lactations, which can lead
to overconditioned cows. Grouping cows by their physiological state will also help in-
crease lactation performance. Although low-fill, highly fermentable diets will allow
greater energy intake and milk yield for cows in early to midlactation, they will likely
result in depressed feed intake and increase risk of metabolic disorders if fed in the
PP period. In addition, this diet will likely promote adiposity at the expense of milk yield
as lactation proceeds. Insulin sensitivity of adipose tissue increases as plasma growth
hormone concentration declines, and plasma insulin increases as glucose demand by
the mammary gland is reduced as lactation progresses. When possible, recombinant
bovine growth hormone might be used to increase energy partitioned to milk rather
than body reserves. By mid to late lactation, once body condition has been restored,
cows should be switched to a maintenance diet (see later in this article) to maintain
BCS and milk yield, avoiding overconditioning.

Reduce Stress

Although the transition period is a stressful time by itself, stress can be reduced by
considering factors under management control, including cow comfort, social interac-
tions, housing, bunk space, grouping, feeding schedules, and the quality of human in-
teractions. Poor management of the transition cow will not only decrease DMI directly,
but indirectly by increasing lipolysis and plasma NEFA concentration. Stress hor-
mones (catecholamines) are lipolytic, and their secretion exacerbates lipolysis from
low insulin and insulin sensitivity that characterizes the transition period, resulting in
higher plasma NEFA concentrations, a greater and prolonged depression in feed
intake, and an extended period of NEB. Efforts to reduce stress in the transition period
will likely be rewarded by enhanced feed intake and lower risk of metabolic diseases.

Diet Formulation and Grouping Strategy

As discussed previously, diets should be formulated to optimize energy intake and
partitioning through lactation and this would require multiple diets for different groups
of cows. The dominant factors controlling feed intake change with physiological state,
which changes through lactation. Around parturition, feed intake is likely controlled
primarily by hepatic oxidation of NEFA that interacts with the supply of propionate
from the diet. Once lipolysis and the supply of NEFA to the liver decreases, feed intake
increases until distention from rumen fill dominates control of feed intake. As lactation
proceeds and milk yield declines, hepatic oxidation of fuels likely begins to dominate
control of feed intake, probably due to a negative feedback on gluconeogenesis from
elevated plasma glucose and insulin concentrations. In addition, energy partitioning is
shifted from milk production to body reserves. Rations for cows with these 3 distinct
physiological states are discussed as follows.

Fresh cow ration (first 2 weeks following parturition)
Cows in the PP period differ distinctly from cows later in lactation because they are in a
lipolytic state caused by low plasma insulin concentration and reduced insulin sensi-
tivity of tissues (for a further discussion of insulin resistance see the article by De Kos-
ter and Opsomer, elsewhere in this issue). These cows require glucose precursors and
rations should contain higher starch concentrations to the extent possible. However,
they also have lower rumen digesta mass, which increases risk of ruminal acidosis and
displaced abomasum. Highly fermentable starch sources increase fermentation acid
production, including propionic acid, which can stimulate oxidation of fuels in the liver,
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decreasing feed intake (see Fig. 5). Increased fermentation acid production can
depress fiber digestibility if ruminal pH is reduced, depressing energy intake further.
Therefore, highly fermentable starch sources should be limited during this period,
which lasts up to 2 weeks for most cows but even longer for cows with excessive
body condition at parturition or those stressed by disease or management. Highly
fermentable starch sources (eg, wheat, barley, low-density steam-flaked corn, high-
moisture corn), should be limited to allow greater starch concentrations (and glucose
precursors) with less risk of acidosis or displaced abomasum, sometimes associated
with less rumen fill. Dry ground corn is an excellent source of starch and allows a total
starch concentration of 22% to 26% (DM basis). Because feed intake is less limited by
ruminal distention during this period and greater rumen digesta mass is desirable,
forage NDF concentration should be greater than 23%, using nonforage fiber sources
to dilute starch concentration if necessary. Starch concentrations must be decreased
when feeding highly fermentable starch sources (to prevent depressions in feed intake
and ruminal pH), which would decrease energy intake. Because of large variation
among cows in the duration of the lipolytic state, cows should be switched to a
low-fill, highly fermentable diet when blood ketone body concentrations are low and
control of feed intake begins to be dominated by rumen fill. Usually, such cows will
have normal appetite (aggressive eating following feeding), stable and increasing
milk production, and no signs of metabolic diseases.

Early to midlactation ration
Following the PP period, milk yield continues to rise steadily for several more weeks
and control of feed intake is increasingly dominated by ruminal distention. Cows
respond well to rations with lower forage NDF concentration (low fill) and highly
fermentable starch. Starch concentration of rations should be in the range of 25%
to 30% (DM basis), although the optimum concentration is dependent on starch fer-
mentability, forage NDF concentration, and competition for bunk space. Higher
starch, lower fill rations generally increase milk yield peaks and decrease loss of
body condition in early lactation. Switching to this diet when cows are ready will
help narrow the gap between glucose supply and glucose demand, decreasing risk
of spontaneous ketosis around peak lactation. However, as lactation advances and
cows replenish body condition lost in early lactation, they should be switched to a
maintenance diet with lower starch concentration and ruminal fermentability to pre-
vent excessive BCS.

Maintenance ration (>150 DIM and BCS of 3)
The maintenance ration is the key component of a ration formulation/grouping system
to reduce variation in BCS at parturition. The goal of the maintenance ration is to main-
tain milk yield and body condition through the remainder of lactation. Cows should be
offered the maintenance ration when they are replenishing body condition and have
reached a BCS of 3. Cows at this stage are insulin sensitive; if they continue to receive
a high-starch diet, BCS will continue to increase and they will be at increased risk of
metabolic disease the following parturition. Cows gain condition when they are fed ra-
tions with greater starch concentrations than needed for their current milk production,
which increases plasma glucose and insulin concentrations. In addition, lower-
producing cows are more susceptible to altered biohydrogenation of unsaturated
FA when fed a highly fermentable diet,68 which can shift energy partitioned from
milk to body condition.66 Lowering starch concentration of the rations should limit
body condition gain while maintaining and possibly improving feed intake and yields
of milk and milk fat. The optimal concentration of starch will likely be in the range of
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18% to 22% (DM basis). Starch sources that are highly fermentable (eg, high-moisture
corn, bakery waste, aged corn silage) should be avoided. Dried ground corn is an
excellent starch source because it has lower ruminal digestibility (50%–60%) but
high total tract digestibility (>90%). The starch concentration of themaintenance ration
should contain adequate, but not excessive forage NDF concentration to maintain
DMI. It is important that the fiber source provided is highly digestible; nonforage fiber
sources (eg, beet pulp, corn gluten feed, soyhulls) can be used to dilute starch to the
target concentration. Monitoring BCS at dry-off is essential to adjust the starch con-
centration of the maintenance diet over time.

SUMMARY

Feed intake during the peripartum period is likely controlled by hepatic oxidation of
fuels. At this time, cows are in a lipolytic state that is initiated several weeks prepartum,
as insulin concentration in blood and insulin sensitivity of tissues decrease. Anorexia
results from hepatic oxidation of the continuous flood of NEFA to the liver. Low plasma
insulin concentration from the resulting imbalance of glucose production and use,
combined with insulin resistance, stimulates further lipolysis and as lipolysis in-
creases, the risk of metabolic disease and other health disorders also increases.
Therefore, the lipolytic state is perpetuated during the PP period by hypophagia
from the hepatic oxidation of NEFA. Cows with excessive body condition, and that
are stressed, are at greater risk of metabolic disease from a greater suppression of
feed intake. The diet interacts with the lipolytic state; rapid production of propionic
acid within meals from highly fermentable dietary starch likely suppresses feed intake
by stimulating hepatic oxidation. Strategic feeding can limit excessive body condition
during late lactation and increase energy intake during the postpartum period,
reducing the risk of metabolic disease.
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Insulin Resistance in Dairy Cows

Jenne D. De Koster, DVM, Geert Opsomer, DVM, PhD, Msc*

COWS ARE RUMINANTS AND POSSESS A VERY SPECIFIC GLUCOSE METABOLISM

The glucose metabolism is of major interest in all living mammals because certain
vitally important cell types (erythrocytes, brain cells, and kidney cells) have to rely
on glucose as the only energy substrate.1 Therefore, maintenance of blood glucose
levels within normal physiologic ranges is of utmost importance. In comparison with
that of other mammals, the glucose metabolism of ruminants is characterized by
low peripheral glucose concentrations2–4 and a low insulin response of the peripheral
tissues.3,5–7 The glucose metabolism is regulated by the supply and removal of
glucose and glucogenic precursors in the blood and is tightly controlled by different
hormones. Within the ruminants, dairy cows occupy a special position regarding the
glucosemetabolism. Themassive glucose drain toward the udder and the unique tran-
sition between pregnancy and lactation make the glucose metabolism of dairy cows
an example of how intensive genetic selection can drive metabolism to extremes. A
schematic overview of the glucose metabolism in dairy cows is given in Fig. 1.
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KEY POINTS

� Insulin plays a pivotal role in the glucose metabolism of dairy cows.

� The glucose metabolism of ruminants is characterized by low peripheral glucose concen-
trations and a low insulin response of the peripheral tissues.

� The effect of insulin on the glucose metabolism is regulated by the secretion of insulin by
the pancreas and the insulin sensitivity of the skeletal muscles, adipose tissue, and liver.

� A state of insulin resistance may develop as part of physiologic (pregnancy and lactation)
and pathologic processes, which may manifest as decreased insulin sensitivity or
decreased insulin responsiveness.
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Glucose Supply

Propionate
Whereas monogastric species rely on intestinal glucose absorption as an exogenous
supply of glucose, ruminants absorb only small amounts of glucose in the intestines.1

Most of the circulating glucose in ruminants originates from hepatic and renal gluco-
neogenesis. Different endogenous and exogenous substrates are used for this gluco-
neogenesis. In the forestomachs, short-chain fatty acids are formed by microbial
fermentation of carbohydrates in the feed. Among these short-chain fatty acids propi-
onate, isobutyrate, and valerate are the main contributors to gluconeogenesis.1 The
relative contribution of glucogenic precursors changes during the different stages of
lactation depending on feed intake, tissue mobilization, and energy balance. Quanti-
tatively, propionate (60%–74%) is the most important glucogenic precursor, followed
by lactate (16%–26%), alanine (3%–5%), valerate and isobutyrate (5%–6%), glycerol
(0.5%–3%), and other amino acids (8%–11%).1,8

Fig. 1. Overview of the glucose metabolism in ruminants. Thickness of arrows indicates
the importance of the metabolite or tissue in production or use. Volatile fatty acids (VFA)
produced in the rumen are the most important precursors for hepatic gluconeogenesis. In
addition, lactate (originating from the rumen, skeletal muscles, and gravid uterus), glycerol
(from lipolysis of triglycerides [TAG] in the adipose tissue), and amino acids (AA) (from the
intestines and skeletal muscles), all contribute to the total hepatic gluconeogenesis. Glucose
absorbed from the intestines and glucose released from the liver (mostly gluconeogenesis,
partly glycogenolysis) are the most important contributors to the blood glucose level. The
lactating udder and the gravid uterus are quantitatively the most important glucose con-
sumers. In late pregnancy and during early lactation, skeletal muscles and adipose tissues
take up minimal amounts of glucose. The pancreas releases insulin into the bloodstream,
which suppresses hepatic gluconeogenesis, glycogenolysis in liver and skeletal muscles,
and adipose tissue lipolysis, whereas insulin stimulates glucose uptake in skeletal muscles
and adipose tissues.
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Lactate
Lactate can have anendogenousor exogenous origin. Rations basedonhigh amounts of
concentrates provoke a shift from a cellulolytic to an amylolytic flora in the rumen.9 This
amylolytic flora is responsible for the production of lactate in the rumen, which can be
used by the liver for glucose production.10 However, an overproduction of lactate may
becomedetrimental to thehealthof thecowbecauseof its lowpHandconcomitanthigher
risk of suffering from (sub)clinical ruminal acidosis. Another source of lactate is the
anaerobeoxidationofglucose in theskeletalmusclesandotherperipheral tissues.During
early lactation the expression of lactate dehydrogenase, the enzyme responsible for con-
vertingpyruvate into lactate, is upregulated,whereas the expressionof themain enzymes
of the citric acid cycle are downregulated in skeletal muscle. The latter indicates that the
catabolism of glucose in skeletal muscle is diverted toward lactate production, indirectly
supporting gluconeogenesis.11 At the end of pregnancy, the uterus and placenta are
important sources of lactate.12 Therefore, the relative contribution of lactate in hepatic
gluconeogenesis is maximal at the end of pregnancy and during early lactation.8,13

Glycerol
When adipose stores are mobilized, nonesterified fatty acids (NEFAs) and glycerol
are released into the bloodstream. The fate of the NEFAs is well described in other
reviews.14,15 The released glycerol can be used in the gluconeogenic pathway. Its
contribution to gluconeogenesis and, hence, in the overall glucose production
depends on the size of the fat depots and the amount of fat mobilization, and is
thus directly related to the negative energy balance.8

Amino acids
Circulating amino acids provide another determinant in gluconeogenic pathways.
Especially during periods of high glucose requirements, more amino acids are con-
verted into glucose. The extra amino acids originate from intestinal absorption (higher
feed intake), decreased protein synthesis in skin and skeletal muscles, and increased
protein breakdown in skeletal muscles.8,16 The most important amino acids to
contribute to glucose provision are alanine and glutamine.8

Glycogen
Glycogen stores in the liver and skeletal muscles provide a store of glucose in the body
of the dairy cow. In periods of lowglucose availability or high glucose requirements (end
of pregnancy and early lactation), these stores can be mobilized. Only the glycogen
stores in the liver can directly support the blood glucose level, because the liver is
able to convert glucose-6-phospate into glucose. Skeletal muscles lack the enzyme,
glucose-6-phosphatase, necessary for this conversion, therefore glycogen stores
from skeletal muscle do not directly contribute to the blood glucose level.17 Because
of the limited size of the glycogen stores in the liver, this glucose reserve is regarded
as a minor contributor to the overall blood glucose regulation at the end of pregnancy
and at the beginning of lactation.18–20 Glycogenolysis and glycolysis in skeletal muscle
are upregulated at the initiation of lactation. In this period the oxidation of glucose in
skeletal muscle is shifted in the direction of lactate. Because lactate can be converted
toglucoseby the liver, this shift in glucosemetabolismwithin the skeletalmusclemeans
that the muscular glycogen stores contribute indirectly to the blood glucose levels.11

Glucose Removal

Glucose uptake: a facilitated process
Glucose cannot pass the plasma membrane surrounding the cells.21 Glucose uptake
takes place by 2 different processes: facilitated diffusion and cotransport. Cotransport
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is mediated by sodium-dependent glucose transporters (SGLT), and is driven by a dif-
ference in sodium concentration between the intracellular and extracellular fluid. The
sodium-dependent glucose transporters are located at the epithelial cells of the small
intestine and the tubular cells of the kidney.22 Most cells, however, take up glucose by
facilitated diffusion via glucose transporter (GLUT) molecules. The uptake of glucose
through these GLUTs is basically driven by the difference in glucose concentration be-
tween the extracellular and intracellular fluid.7,22 There are 13 different isoforms of the
GLUTs, all of them having a specific tissue distribution, expression profile, and specific
properties regarding sensitivity to hormones. The GLUT1 molecule is expressed in all
tissues throughout the body and is responsible for basal glucose uptake.22 Of all the
GLUT molecules, GLUT4 is the only one that is responsible for the insulin-stimulated
glucose uptake in skeletal muscle, heart, and adipose tissue.22 The quantitatively
most important glucose-consuming tissues are the skeletal muscles, the udder, and
the gravid uterus.

Glucose uptake in skeletal muscle and adipose tissue
In skeletal muscle and adipose tissue, glucose is transported into the cells by GLUT1
and GLUT4 molecules. GLUT1 accounts for the basal glucose supply while GLUT4
mediates the insulin-stimulated glucose uptake.22,23 On insulin stimulation, intracellu-
larly stored GLUT4s are translocated to and fused with the plasma membrane. The
increased number of GLUT4s on the cell membrane is responsible for the insulin-
induced blood glucose reduction.21 The previously mentioned lower insulin response
of skeletal muscle and adipose tissue in ruminants compared with monogastric ani-
mals is partly due to the lower number and lower insulin-induced translocation of
GLUT4s in these tissues in ruminants.7,23 Another typical feature in ruminants is that
adipose tissue prefers to use acetate, a volatile fatty acid produced in the forestom-
achs, as a substrate for lipogenesis. Monogastrics use glucose for this purpose.5,24

Therefore, the adipose tissues in ruminants account for only a small part of the total
insulin-induced glucose disposal.
To preserve sufficient glucose for fetal growth and development, homeorhetic

changes in glucose metabolism take place throughout the body during pregnancy
and lactation. At the level of the skeletal muscle and adipose tissue, glucose con-
sumption is reduced. According to Komatsu and colleagues,25 GLUT4 mRNA expres-
sion was not altered in adipose tissue or skeletal muscle during lactation or the dry
period. A recent study using Western blot analysis of skeletal muscle, however,
revealed that GLUT4 content was reduced by 40% by the fourth week of lactation
in comparison with the GLUT4 content during the dry period,11 suggesting a posttran-
scriptional regulation of GLUT4 mRNA in the skeletal muscle to reduce muscular
glucose uptake in early lactation.
In adipose tissue, expression and protein content of GLUT1 and GLUT4 are minimal

during peak lactation, and increase at the end of lactation to remain elevated during
the dry period.25–27 This expression profile gives rise to a decreased basal and
insulin-stimulated glucose uptake by the adipose tissue in early lactation, thereby
sparing glucose for milk production. From these studies, it seems that homeorhetic
changes at the level of the glucose metabolism of skeletal muscle and adipose tissue
are regulated by different mechanisms.

Glucose uptake by the uterus, placenta, and fetus
The GLUT molecules responsible for glucose uptake in the ovine placenta are of the
GLUT1 and GLUT3 isoform type.6 Only during the last trimester of pregnancy do uter-
ine, fetal, and placental glucose requirements substantially increase the total glucose
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requirement of the dam.28 In sheep, this is associated with an increased number of
GLUT3.6

In cattle, placental expression of GLUT1, GLUT3, GLUT4, and GLUT5 has been
demonstrated.29–31 The expression of GLUT4 mRNA in placental tissue during early
pregnancy is a new finding in dairy cows and had been demonstrated previously in
humans. However, no direct evidence exists that insulin stimulates the glucose uptake
by placenta in humans or cattle.31,32

Glucose uptake by the mammary gland
Glucoseconsumptionof themammarygland indairycows is responsible for50%to85%
of whole-body glucose consumption, and amplifies the glucose demand by 2.5-fold at
the third week of lactation in comparison with the demand during the end of the dry
period.8,22,33 Seventy-two grams of glucose are needed to produce 1 kg of milk.34 This
glucose is transported into the epithelial cells of the alveoli and is converted into lactose,
creating an osmotic pressure that ultimately determines the amount of milk produced.
The uptake of glucose into the bovine mammary gland is regulated by GLUT1, GLUT8,
GLUT12, SGLT1, and SGLT2,22 GLUT1 being the most important. Its expression and
protein content are almost undetectable during the dry period and increase severalfold
at the initiation of lactation.22,25 The insulin independence regarding the mammary glu-
cose uptake is further demonstrated by the absence of GLUT4 in themammary gland.25

Glucose uptake by the liver
In nonruminants, the liver is an appreciable glucose consumer.35 Because of the
sophisticated carbohydrate metabolism, the main function of the liver in ruminants
is glucose production, with production rates increasing up to 3600 g per day during
peak lactation.13 The GLUT isoforms responsible for the transport of glucose out of
(and into) the hepatocytes are of the GLUT2 and GLUT5 type.35

INSULIN RESISTANCE, INSULIN SECRETION, AND DIABETES MELLITUS: A NECESSARY
DISTINCTION
Definition of Insulin Resistance

Insulin resistance is defined as a state whereby a normal concentration of insulin in-
duces a decreased biological response in the insulin-sensitive tissues.36 Insulin resis-
tance can furthermore be subdivided based on 2 distinct features: insulin sensitivity
and insulin responsiveness. The maximal effect of insulin determines the insulin
responsiveness. The concentration of insulin to elicit a half-maximal response deter-
mines the insulin sensitivity.36 Insulin resistance can hence be attributed to a decrease
in insulin responsiveness (a downward shift of the insulin dose-response curve), a
decrease in insulin sensitivity (a rightward shift of the insulin dose-response curve),
or both (Fig. 2).36,37 Insulin resistance can be specific for certain tissues and for certain
biological processes within these tissues.36,38

Insulin Secretion and Diabetes Mellitus

A further necessary distinction needs to be made between insulin resistance and defi-
cient insulin secretion. Insulin resistance is determined by the response of the insulin-
sensitive tissues to a normal concentration of insulin. Insulin secretion is determined
by the secretory capacity of the pancreas in response to a factor that stimulates insulin
secretion. Deficient insulin secretion does not entail an altered state of insulin resis-
tance. The best way to explain this is by observing the difference between type 1
and type 2 diabetes in human medicine. Type 1 diabetes is caused by a destruction
of the b cells of the pancreas, resulting in an absolute insulin deficiency. Patients
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with type 1 diabetes have no insulin secretion but can have normal insulin sensitivity
and responsiveness of their tissues.39

The most common form of type 2 diabetes is caused by a combination of insulin
resistance and a relative deficiency of insulin secretion. In the early phase of the path-
ophysiology of type 2 diabetes mellitus, insulin resistance occurs but the pancreas
compensates for this by increasing the secretion of insulin, giving rise to a secondary
hyperinsulinemia. If the insulin resistance is not ameliorated, the pancreas may
become exhausted, which may lead to b cells failing to compensate for the increased
insulin resistance. Relative to the degree of insulin resistance, the pancreas cannot
produce enough insulin (relative insulin deficiency) and levels of blood glucose rise,
thus type 2 diabetes develops.39–41 Insulin secretion in type 2 diabetes can be normal,
but is insufficient to compensate for the higher degree of peripheral insulin resistance.
Diabetes mellitus has been described in young cattle and dairy cows.42,43 The role

of insulin resistance in the development of diabetes in cattle is unknown, but diabetes
mellitus is considered to be a rare endocrine disease in dairy cows owing to its irre-
versible nature. By contrast, the insulin-secretory capacity of the pancreas seems
to be influenced by NEFAs in dairy cows. Bossaert and colleagues44 demonstrated
a negative impact of chronically elevated NEFA levels on the insulin-secretory capac-
ity of the pancreas. Similarly, lower insulin secretion following an intravenous glucose
bolus has been demonstrated in ketonemic and starved cows.45–47 Opsomer and col-
leagues48 demonstrated blunted insulin secretion in cows suffering from cystic ovarian
disease, suggesting a role of insulin in the pathogenesis of this ovarian disease in dairy
cows.

EFFECT OF INSULIN RESISTANCE IN DIFFERENT TISSUES

Insulin elicits different effects on the carbohydrate, lipid, and protein metabolism of
different insulin-sensitive tissues (Table 1).

Fig. 2. The difference between insulin sensitivity and insulin responsiveness. The normal in-
sulin response is characterized by a maximal biological effect (Rmax,1) and an insulin concen-
tration to elicit a half-maximal effect (ED50,1). A decreased insulin sensitivity is visualized by
a right shift of the normal curve and is characterized by a normal maximal biological effect
(Rmax,1) while an increased insulin concentration is needed to elicit half of the maximal
effect (ED50,2). A decreased insulin responsiveness is visualized by a downshift of the normal
curve and is characterized by a decreased maximal biological effect (Rmax,2) while a normal
insulin concentration is needed to elicit a half-maximal effect (ED50,1). (Adapted from
Kahn CR. Insulin resistance, insulin insensitivity, and insulin unresponsiveness: a necessary
distinction. Metabolism 1978;27(12 Suppl 2):1893–902; with permission.)
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Besides these effects on glucose, amino acid, and lipid metabolism, insulin has
some additional functions on several tissues throughout the body. In general, insulin
is known to stimulate cell proliferation and differentiation.40 In the ovary, insulin stim-
ulates steroidogenesis and the proliferation of granulosa cells, and hence influences
follicular growth.51,52 Lower peripheral insulin levels have been associated with the
development of ovarian cysts in postpartum dairy cows.53

As previously mentioned, the development of insulin resistance may be specific for
a certain metabolic pathway in a certain tissue. For dairy cows, the most important
pathways that have an altered insulin response during the transition period are:
glucose uptake by skeletal muscle and adipose tissue; lipogenesis and lipolysis in ad-
ipose tissue; gluconeogenesis in the liver; and protein metabolism of skeletal muscle.
The role of insulin and insulin resistance in the adaptation of these metabolic pathways
during the transition period are further explored here.

Insulin-Stimulated Glucose Uptake by Skeletal Muscle and Adipose Tissue

General aspects of insulin-stimulated glucose uptake
Insulin-stimulated glucose uptake is probably the most intensively studied metabolic
pathway of insulin in dairy cows. Based on the effect of insulin on this pathway, con-
clusions are drawn for other metabolic pathways, which may give rise to incorrect or at
least insufficiently substantiated conclusions. In humans, skeletal muscles account for
80% of the insulin-stimulated whole-body glucose uptake, whereas adipose tissues
contribute to only 5%.40 In dairy cows, where acetate is the major precursor of triglyc-
eride synthesis, the skeletal muscles account for most of the insulin-stimulated whole-
body glucose uptake.23 Therefore, glucose uptake in adipose tissue is limited in dairy
cows.5 The fact that dairy cows are in a lactating and/or pregnant state means that a
considerable amount of glucose is taken up by the pregnant uterus or the lactating
udder. One should consider this carefully when comparing glucose-uptake experi-
ments in cows at different stages of lactation or in cows with a different level of milk
production.

Table 1
Overview of insulin effects on different metabolic pathways in the different insulin-sensitive
tissues

Tissue Metabolic Pathway Insulin Effect Authors,Ref. Year

Liver Glycogenesis Stimulation Brockman & Laarveld,5 1986
Ketogenesis Suppression Brockman & Laarveld,5 1986
Triglyceride synthesis Stimulation Andersen et al,49 2002
Gluconeogenesis Suppression Brockman & Laarveld,5 1986
Glycogenolysis Suppression Brockman & Laarveld,5 1986
Glycolysis Stimulation Hayirli,4 2006
Protein synthesis Stimulation Sjaastad et al,50 2010
Protein degradation Suppression Sjaastad et al,50 2010

Skeletal muscle Glucose uptake Stimulation Brockman & Laarveld,5 1986
Ketone body use Stimulation Brockman & Laarveld,5 1986
Protein synthesis Stimulation Brockman & Laarveld,5 1986
Protein degradation Suppression Brockman & Laarveld,5 1986
Glycolysis Stimulation Hayirli,4 2006
Glycogenolysis Suppression Hayirli,4 2006
Glycogenesis Stimulation Hayirli,4 2006

Adipose tissue Lipolysis Suppression Brockman & Laarveld,5 1986
Lipogenesis Stimulation Brockman & Laarveld,5 1986
Glucose uptake Stimulation Brockman & Laarveld,5 1986

Insulin Resistance in Dairy Cows 305



Insulin resistance for glucose uptake by skeletal muscles and adipose tissues is a
well-known feature in pregnant women, obese people, and people suffering from
type 2 or gestational diabetes.40,54–57 Some of these metabolic states in humans
show remarkable similarities with insulin resistance in cattle.58

Insulin resistance as homeorhetic mechanism during pregnancy and lactation
Nowadays it is generally accepted that dairy cows are insulin resistant at the end of
gestation and in early lactation. These homeorhetic adaptations are necessary to
ensure a sufficient glucose supply for the gravid uterus and lactating mammary gland
in support of the growing offspring, both prenatally and postnatally.6 The adaptation
toward an insulin-resistant state seems to be conserved in mammals among different
species.
Different studies have been performed to assess insulin resistance in glucose meta-

bolism during pregnancy and lactation in ruminants, and these are summarized in
Table 2.
Overall, most of these studies confirm the state of increased insulin resistance in

glucose metabolism during early lactation. The onset of this lactational insulin resis-
tance may be traced to the end of pregnancy.

Table 2
Different studies assessing insulin resistance in ruminants during lactation and pregnancy

Authors,Ref. Year Species Test Conclusion

Vernon et al,59

1990
Sheep HEC test with

measurement
of arteriovenous
glucose difference
in the hindlimb

Decreased sensitivity and decreased
responsiveness of insulin-
stimulated glucose uptake in
skeletal muscles of lactating
animals vs nonlactating and
nonpregnant animals

Vernon & Taylor,60

1988
Sheep In vitro culture

adipose tissue
Decreased responsiveness and

decreased sensitivity of insulin-
stimulated glucose uptake in
adipose tissue of lactating sheep
vs nonlactating and nonpregnant
animals

Debras et al,61

1989
Goat HEC test Decreased responsiveness of whole-

body insulin-stimulated glucose
uptake in goats in early lactation
vs late lactating and dry goats

Kerestes et al,46

2009
Dairy cow IVITT Lower insulin-stimulated blood

glucose reduction in early
lactating dairy cows vs dry and
midlactating cows

Petterson et al,62

1993
Sheep HEC test Decreased insulin sensitivity of

whole-body insulin-stimulated
glucose uptake in late pregnant
sheep vs nonpregnant and
nonlactating sheep

Ji et al,26 2012 Dairy cow In vitro culture
adipose tissue

Reduced insulin signaling (IRS-1
tyrosine phosphorylation) in
adipose tissue of early lactating
vs dry dairy cows

Abbreviations: HEC, hyperinsulinemic euglycemic clamp; IVITT, intravenous insulin tolerance test;
IRS-1, insulin receptor substrate 1.
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Adipose tissue and its derivatives
The adipose tissue and its derivatives undoubtedly play a crucial role in the determi-
nation and modulation of insulin sensitivity in the glucose metabolism of dairy cows. A
first indication in this regard was given by McCann and Reimers in 1985.63 Using the
intravenous insulin tolerance test (IVITT), they demonstrated a lower reduction of
glucose in obese heifers when compared with lean heifers.
In the last decade, different researchers have focused on the role of NEFAs in the

insulin sensitivity of dairy cattle. In experimental studies using nonpregnant and non-
lactating dairy cows, an artificial elevation of circulating NEFAs following a fasting
period or by the intravenous administration of a tallow infusion has been shown
to cause an impaired insulin-stimulated glucose uptake by insulin-sensitive tis-
sues.47,64,65 On the other hand, reduction of the NEFA load by means of abomasal
delivery of nicotinic acid improved the insulin-stimulated glucose uptake.66

Other studies provided evidence for the extrapolation of these experimental results in
practice. Overfeeding dairy cows during the dry period provoked an excessive condi-
tion score at parturition.67 In the dry period, these overfed cows showed higher periph-
eral levels of insulin in response to a glucose bolus, which may point to a higher insulin
resistance of the peripheral tissues eliciting a secondary hyperinsulinemia at that time.
In the subsequent lactation, these overfed cows showed prolonged elevated levels
of NEFAs and a lower glucose clearance after an intravenous glucose tolerance test
(IVGTT), indicating a higher degree of insulin resistance.68 In dairy cows suffering
from different degrees of fatty liver, NEFA levels were negatively correlated with the
insulin-stimulated reduction in blood glucose after an insulin challenge.69 In a study us-
ing cows suffering fromdifferent forms of ketonemia, the cowswith chronically elevated
concentrations of b-hydroxybutyrate (BHB) (more than 1mmol/L from2days preceding
calving until 7 days following calving) showed a higher insulin resistance in the glucose
metabolism at their peripheral tissues. In the same study, a higher concentration of
NEFAs was significantly correlated with a lower insulin secretion.46 These findings
demonstrate an important role of NEFAs in the development of insulin resistance.
Underlyingmolecular mechanisms of fatty acid–induced insulin resistance are as yet

unstudied in dairy cows but may be extrapolated from human medicine. The first
mechanism is called the Randle cycle,70 or glucose-fatty acid cycle, which involves
the biochemical mechanisms that control substrate (glucose or fatty acids) use in skel-
etal muscle, heart, liver, and pancreas. The Randle cycle postulates that when avail-
ability of fatty acids is abundant, the oxidation of the latter inhibits the use of
glucose as substrate for the cellular metabolism. This process is mediated by different
intracellular pathways: inhibition of pyruvate dehydrogenase, phosphofructokinase
activity, and hexokinase activity, and decreased GLUT4 translocation in skeletal mus-
cle.70 In addition, NEFAs induce the phosphorylation of insulin receptor substrate 1
(IRS-1) on serine residues. The serine phosphorylation of IRS-1 leads to a decrease
in insulin-induced tyrosine phosphorylation of IRS-1, which is necessary for normal
activation of the insulin signaling cascade.71

Besides NEFAs, other (unknown) factors originating from the adipose tissues also
affect insulin-stimulated glucose uptake. As demonstrated in obese sheep, insulin
sensitivity is decreased despite their NEFA levels being equally as high as those in
lean sheep.72 In human medicine, the metabolic syndrome links visceral obesity, insu-
lin resistance, dyslipidemia, and hypertension.57 Adipose tissue plays a central role in
the development of the metabolic syndrome by increasing the production of proin-
flammatory adipokines (tumor necrosis factor [TNF]-a, interleukin [IL]-6, monocyte
chemoattractant protein [MCP]-1) and decreasing the production of the anti-
inflammatory adipokine, adiponectin.73 The final result of this altered production of
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adipokines is that obese people are considered to be in a proinflammatory state with
the adipose tissue as primary site of inflammation.73 In dairy cows, the endocrine func-
tion of adipose tissue has been confirmed by demonstrating mRNA expression for
TNF-a, IL-6, MCP-1, leptin, adiponectin, haptoglobin, visfatin, and resistin.27,74–78

The effect of these adipokines on insulin-stimulated glucose uptake by the skeletal
muscle and adipose tissue is unknown in cattle, with the exception of TNF-a. Pro-
longed exposure to TNF-a by means of a series of subcutaneous injections induced
insulin resistance in young steers and increased triglyceride concentration in the liver
of dairy cows.79–81 Ohtsuka and colleagues69 concluded that cows suffering from fatty
liver had higher serum concentrations of NEFA, were more insulin resistant, and had
higher serum TNF-a activity. These observations, together with the study of O’Boyle
and colleagues82 in which it was shown that overconditioned cows have higher
plasma TNF-a concentrations, lead the authors to hypothesize that obesity in dairy
cows may lead to a state of chronic low-grade inflammation, causing insulin resis-
tance and metabolic disorders, and rendering these cows to hyperinflammatory reac-
tions in cases where infections occur.

Genetic influences on the effect of insulin on glucose metabolism
As in humans, in cattle there also seems to be a genetic component that determines
the sensitivity to insulin resistance. Cows with a high genetic merit for milk production
(North American cows) are stated to be more insulin resistant than cows with a low
genetic merit for milk production (New Zealand cows).83 In an attempt to identify a
gene that may influence the effect of insulin on glucose metabolism, Balogh and col-
leagues84 performed IVGTTs in dairy cows 10 to 15 days postpartum. Differences in
the growth hormone Alu1 genotype suggested (nonsignificantly) that heterozygous
(leucine-valine) dairy cows suffered a higher degree of insulin resistance in com-
parison with homozygous (leucine-leucine) dairy cows. These studies suggest that
the genetic component modulating insulin resistance might be subtle, and may be
overwhelmed by other factors contributing to the determination of insulin resistance.
The (epi)genetic determination of insulin sensitivity has been suggested by Bossaert

and colleagues.85 Performing IVGTTs and IVITTs, they demonstrated that female Hol-
stein Friesian calves (bred for milk production) as early as age 15 days had higher in-
sulin secretion and lower glucose clearance in comparison with female Belgian Blue
calves (bred for beef production), thus suggesting that Holstein Friesian calves are
more insulin resistant than Belgian Blue calves.
The apparent “genetic” differences in insulin resistance for glucose metabolismmay

be determined by genetic or epigenetic differences between animals. Further investi-
gation is required to define genes that influence insulin resistance and to describe
epigenetic effects on these genes.

Release of NEFA from adipose tissue
NEFA release from adipose tissue is the result of the combined effect of lipolysis of
triglycerides and reesterification (lipogenesis) of NEFA in the adipocytes.86 Both path-
ways are influenced by insulin. In early lactation, blood NEFA levels increase owing to
increased lipolysis and decreased lipogenesis, partly mediated by reduced serum in-
sulin concentrations during this time.86 Faulkner and Pollock87 and Petterson and col-
leagues88 demonstrated a state of insulin resistance of lipid metabolism in pregnant
and lactating sheep. Research is limited regarding insulin resistance of lipolytic and
lipogenic pathways in the adipose tissue of dairy cows.
Lipolysis and lipogenesis are metabolic pathways influenced by different hormones,

and changes in these pathways differ between different fat depots (subcutaneous and

De Koster & Opsomer308



abdominal) in the same animal. In sheep, omental adipocytes show higher rates of
basal and catecholamine-stimulated lipolysis in comparison with subcutaneous adi-
pose tissue.89 In dairy cows, subcutaneous adipose tissue shows higher rates of
catecholamine-stimulated lipolysis and higher rates of lipogenesis in comparison
with omental adipose tissue.90 This situation might result from a different degree of
expression and phosphorylation of hormone-sensitive lipase.91 On the other hand,
Hostens and colleagues92 recently showed that in cows suffering from left displace-
ment of the abomasum, the fatty acid profile of the circulating NEFAs wasmore closely
associated with the fatty acid profile of the abdominal fat than the subcutaneous fat,
suggesting that under these conditions cows preferentially break down the abdominal
fat. More research on themetabolic properties and insulin resistance of the different fat
depots is needed to quantify the relative contribution of the different fat depots to the
NEFA level postpartum, and to identify the locations of fat deposition that are associ-
ated with the greatest negative impact on adaptation during the transition period.

Glucose output from the liver
The output of glucose from the liver is the result of 2 metabolic processes: gluconeo-
genesis and glycogenolysis. Quantitatively, glycogenolysis is of minor importance
because glycogen stores in the liver are rather limited and are quickly exhausted in pe-
riods of high glucose requirement.18–20 Gluconeogenesis is by far the most important
metabolic pathway in ruminants, and has to be tightly regulated. Regulation occurs
through both nutritional (substrate supply) and hormonal factors (insulin, glucagon,
somatotropin, cortisol).8,93

The net effect of insulin on the liver is a decrease in glucose release into the blood,
which results from an inhibitory effect of insulin on glycogenolysis and gluconeogen-
esis.40 The inhibitory effect of insulin on gluconeogenesis is due to both direct and in-
direct effects. Insulin directly inhibits key enzymes in the gluconeogenic pathway while
indirectly reducing the availability of glucogenic precursors influencing the peripheral
tissues (stimulation of protein synthesis, inhibition of lipolysis).93

Insulin decreases gluconeogenesis but increases the proportional use of propionate
as substrate for the gluconeogenesis.94 This process can be explained by the inhibitory
effect of insulin on protein, glucose, and triglyceride catabolism, and the stimulatory
effect of insulin on protein, glucose, and triglyceride anabolism, thereby decreasing
the amount of circulating amino acids, lactate, and glycerol and, thus, decreasing their
availability for use in gluconeogenesis. The supply of propionate is mainly regulated by
feed intake, so that its availability increases relative to the other substrates.
In humans suffering from type 2 diabetes, the liver is resistant to the inhibitory effect

of insulin on hepatic glucose production. This resistance is responsible for the hyper-
glycemia observed in persons with type 2 diabetes.40 In lactating dairy cows, such an
insulin-resistant state of the hepatic glucose output would not result in hyperglycemia,
because of the high glucose uptake by the mammary gland. However, pregnancy and
lactation do not alter the insulin response of the hepatic glucose production in sheep
and goats.61,62,87

Protein metabolism of skeletal muscle, liver, and other peripheral tissues
Insulin influences protein metabolism by stimulation of protein synthesis and inhibition
of protein degradation in skeletal muscle and other tissues. Very few studies report on
the insulin sensitivity and insulin responsiveness of these metabolic processes. Using
the hyperinsulinemic euglycemic euaminoacidemic clamp test in lactating and dry
goats, Tesseraud and colleagues95 found that there was no stimulatory effect of insulin
on protein synthesis but that inhibition of protein degradation by insulin was enhanced
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in early lactation. This observation seems to be in conflict with the findings that periph-
eral tissues (skeletal muscle) decrease amino acid use and increase amino acid mobi-
lization in early lactation.11,96 However, early lactation is characterized by low insulin
levels, which leads to reduced protein synthesis in skin, skeletal muscle, and other
peripheral tissues,96 and decreased inhibition of protein degradation. The net result
is an increased flow of amino acids to the mammary gland and the liver for synthesis
of milk protein and hepatic gluconeogenesis.11

QUANTITATIVE ASPECTS OF GLUCOSE METABOLISM

The total glucose requirement per day is the result of the combination of:

� Basal glucose requirement (1.57 mol/d)
� Glucose requirement of the gravid uterus (0.10 mol/kg fetus/d)
� Glucose requirement of the mammary gland (0.4 mol/kg milk)

The basal glucose requirement refers to the glucose required for the maintenance of
basal functions of tissues in the body (brain, kidneys, intestines, skeletal muscle,
heart, adipose tissue, intestines, liver, and so forth) and is minimal in early lactation
(predicted average 1.57 mol/d).93,97 Data from Rose and colleagues98 indicate
that basal glucose availability increases in midlactating dairy cows (calculated at
2.6 mol/d at 205 days in milk [DIM]), probably because of the accretion of energy in
adipose tissue.
The glucose requirement of the gravid uterus may be predicted as described by

Overton97 using quantitative data of glucose uptake by the gravid uterus in beef
cows.99 Average glucose uptake by the gravid uterus (total of uterus, placenta, and
fetus) was 0.10 mol/kg fetus/d.99 By using this predicted glucose uptake and the pre-
dicted weight of the fetus in dairy cows during the last 90 days of pregnancy as
described by Bell and colleagues,100 it is possible to give a rough estimate of the
glucose uptake by the gravid uterus in dairy cows.
The glucose requirement for milk synthesis is much better described in the litera-

ture. In vivo estimates of glucose requirements for milk synthesis give values of
72 g glucose per kg milk produced.34 This figure agrees well with the theoretically pre-
dicted value of 68.4 g per kg milk using a conversion efficiency of glucose into lactose
from 73% to 74%.93 It seems that efficiency of glucose conversion does not change
with increasing milk production up to 35 kg milk per day.93

The predicted total glucose requirement (in grams) per day during the last 30 days
before parturition and the first 60 DIM is depicted in Fig. 3. Assumptions made to
calculate this graph were that basal glucose requirements are the same in the dry
period and during the first 60 DIM, and that efficiency of milk production is the
same in early lactation and peak lactation.
The glucose requirements increase sharply after parturition as milk yield increases

steeply during this time, and are doubled by 7 days after parturition. For a cow produc-
ing 42 kg of milk (see Fig. 3), glucose requirements are more than 3 kg per day, 90% of
this glucose being preserved for lactose production.
This total glucose requirement can be divided into glucose uptake by insulin-

sensitive tissues (skeletal muscle, heart, and adipose tissue) and insulin-insensitive
tissues (mammary gland, uterus, brain, kidney, and so forth). Only 8% of the total pe-
ripheral glucose uptake in midlactating dairy cows producing 26 kg milk is mediated
by insulin.98 In humans, 25% of total glucose uptake is insulin dependent.40 The large
difference between humans and dairy cows is due to the insulin-independent glucose
uptake by the mammary gland of the latter.98
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HOW TO MEASURE INSULIN RESISTANCE
Important Considerations

To measure insulin sensitivity in cows it is important to keep in mind that in dairy cows,
the majority of the glucose disappearance occurs independently of insulin, because of
the massive glucose drain to the lactating mammary gland and the gravid uterus. In
the basal (ie, non–insulin-stimulated) state, the estimated insulin-independent glucose
uptake is 84% and 92% in dry and lactating cows (Fig. 4, calculations based on

Fig. 3. Predicted total glucose requirement in grams per day during the last 30 days before
parturition and the first 60 days in milk (42 kg milk). No prediction was made for the day of
parturition because of the lack of data concerning glucose requirement on that day. Glucose
requirement was calculated as described by Overton.97 (Adapted from Overton TR. Sub-
strate utilization for hepatic gluconeogenesis in the transition dairy cow. Proceedings of
the 1998 Cornell Nutrition Conference for Feed Manufacturers. 1998. p. 237–46.)

Fig. 4. Estimated glucose uptake (g/d) by different tissues in the basal and insulin-stimulated
(150 mU/mL) state in dairy cows 14 days prepartum and 14 days postpartum (26 kg milk) with
the same insulin sensitivity (assuming that insulin-dependent glucose uptake is equal in pre-
partum and postpartum cows), based on calculations as described by Overton97 and data of
Rose and colleagues.98
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Refs.97,98). The difference between dry and lactating cows is solely due to the higher
glucose uptake by the mammary gland in comparison with the gravid uterus (see
Fig. 4). The higher glucose uptake by the mammary gland may be illustrated by the
fact that the basal (non–insulin-stimulated) glucose disappearance in lactating goats
is 3 times higher than in dry goats.61 Based on the calculated glucose uptake by
the different tissues, basal glucose disappearance in lactating dairy cows is 2 times
higher than in the dry period (see Fig. 4: 14 days prepartum and postpartum basal).
This difference may become larger depending on the level of milk production (3–4
times higher basal glucose disappearance when milk production achieves 40 and
50 kg of milk, respectively).
In Fig. 4, the estimated glucose uptake is depicted if one stimulates glucose uptake

by an intravenous insulin infusion reaching a serum insulin steady-state concentration
of 150 mU/mL, assuming (not necessarily true) that there is no difference in insulin sensi-
tivity in dry versus lactating cows (see Fig. 4: in the insulin-stimulated state, the insulin-
dependent glucose uptake by the peripheral tissues is of the same order in lactating
and dry cows). By infusion of insulin, hepatic and renal gluconeogenesis are inhibited,
thus glucose infusion has to take over the body’s total glucose provision. This process
would lead to a higher infusion rate in lactating cows (see Fig. 4: 3300 g/d vs 2200 g/d in
dry cows) because basal glucose turnover is higher. To compare insulin sensitivity
between dry and lactating cows or lactating cows with different milk yield, it is impor-
tant to consider this difference in basal glucose disappearance, otherwise the insulin
sensitivity of lactating cowsmay be overestimated. By infusion of radiolabeled glucose
in the basal state, it is possible to estimate and correct for this difference in basal
glucose disappearance.61,98

Hyperinsulinemic Euglycemic Clamp Test

The hyperinsulinemic euglycemic clamp (HEC) test, as described by Defronzo and col-
leagues,101 is considered the gold-standard method to measure insulin resistance in
humans and animals. A constant insulin infusion raises serum insulin levels to a
steady-state level after 60 to 90 minutes of infusion (hyperinsulinemic state). During
the insulin infusion, blood samples are taken at regular intervals (5–10 minutes) to
measure blood glucose. Based on the blood glucose measured, the speed of a simul-
taneous glucose infusion is empirically adapted to clamp blood glucose at the normal
basal value (euglycemic). After some time (the last hour or last half hour of a 2-hour
test), a steady state is reached whereby the serum insulin concentration is constant
(steady-state insulin concentration [SSIC]) and no or minor changes of the glucose
infusion (steady-state glucose infusion rate [SSGIR]) are needed to keep the blood
glucose constant at the basal level.37,101

The speed of the SSGIR is directly related to the insulin response of the glucose
metabolism of the peripheral tissues: a high SSGIR means high glucose uptake per
unit of insulin (low insulin resistance), whereas a low SSGIRmeans low glucose uptake
per unit of insulin (high insulin resistance). This tenet holds true under the assumption
that serum insulin concentrations are high enough to inhibit endogenous glucose pro-
duction. In ruminants, maximal reduction of hepatic gluconeogenesis is achieved at
insulin concentrations of 100 to 120 mU/mL.5,62 The use of radiolabeled glucose allows
one to measure the insulin sensitivity of the endogenous glucose production.37 The
assessment of the insulin response may be based on a single insulin infusion, or com-
plete dose-response curves may be generated by using different insulin infusions
consecutively.37 Maximal insulin-stimulated whole-body glucose disposal in dairy
cows is achieved with insulin infusions of 5 to 10 mU/kg/min and serum insulin con-
centrations of 500 to 1000 mU/mL.102–104 Using data from HEC tests, one may assess
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insulin sensitivity by calculating an insulin sensitivity index (ISI). Different calculations
have been described:

ISI 5 SSGIR/SSIC105

ISI 5 SSGIR/(steady state glucose concentration � DI)37

where DI is the difference between SSIC and basal insulin concentration.
Measurements of NEFA during the HEC test may give an idea of the effect of insulin

on lipolysis and lipogenesis, and hence may provide an indication of the degree of
insulin resistance in adipose tissue.102

Major disadvantages of the HEC test are that it is time consuming (several hours for
every insulin infusion), very intensive, expensive, and requires some experience to
constantly adapt the glucose infusion rate to clamp the blood glucose at the basal
level. Another drawback is that insulin response is measured at supraphysiologic in-
sulin levels, limiting the extrapolation to physiologic insulin concentrations. Further-
more, the HEC test is not suitable for performance under field conditions or for use
in studies with a large number of animals.37

Intravenous Glucose Tolerance Test

The IVGTT is a more practical method to assess insulin resistance in dairy cows.
After the intravenous infusion of a glucose bolus, blood samples are taken at regular
intervals to determine glucose and insulin concentrations. The amount of glucose
infused differs between studies from 150 mg/kg (eg, Ref.68), 250 mg/kg (eg, Ref.65)
to 500 mg/kg (eg, Ref.46), as does the time frame of sampling: 180 minutes (eg,
Ref.65) or 60 minutes (eg, Ref.44). The IVGTT is easy to perform in practice, although
the interpretation of the obtained data requires some insight into glucose and insulin
metabolism.
Blood glucose levels during an IVGTT are derived from the glucose bolus, endoge-

nous glucose production in liver and kidney, glucose uptake by the intestines, renal
glucose excretion, glucose uptake by the mammary gland and/or the gravid uterus,
and glucose uptake by the insulin-sensitive tissues (skeletal muscle and adipose
tissue).65,85 Blood insulin levels during an IVGTT are the result of insulin secretion by
the pancreas in response to the glucose bolus, and the elimination of insulin by the
liver. The combination of these physiologic processes results in the typical profile of
insulin and glucose concentrations during an IVGTT.
Based on the data obtained during an IVGTT, calculations may be done to identify

differences between animals. The following parameters may be calculated65,85:

� Clearance rate of glucose and insulin
� Area under the curve for both glucose and insulin
� Time to reach half of the maximal glucose and insulin concentration
� Time to reach the basal glucose and insulin concentration

Insulin resistance can be identified when glucose clearance is low, the area under
the curve for glucose is high, and the time to reach half of the maximal glucose
concentration and the time to reach basal glucose concentration are high. Exact
interpretation of the test implies normal insulin secretion from the pancreas
following administration of the glucose bolus, and assumes similar insulin secretion
between animals. However, the latter is not always the case. Therefore, a modified
IVGTT was developed whereby an additional insulin or tolbutamide bolus is given
20 minutes after the administration of the glucose bolus to evoke an artificial
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elevation of the blood insulin levels, which increases the comparability between
subjects.37

Besides the aforementioned calculations, data from the IVGTT may be entered in a
mathematical model, the “minimal model” as developed by Bergman and col-
leagues.106 The major advantage of this model is that it simultaneously models insulin
and glucose concentrations and uses both models to assess the insulin sensitivity.37 A
computer program, MINMOD, has been developed to facilitate calculations.107 Using
this program, the following parameters may be calculated37,107,108:

� Si or insulin sensitivity: fractional glucose disappearance per unit insulin
� Sg or glucose effectiveness at zero insulin: the ability of glucose to stimulate its
own disappearance and inhibit endogenous glucose production

� AIRg or the acute insulin response to glucose: the increase in insulin after the
glucose bolus

� b-cell function: insulin secretory capacity of the pancreatic b-cells
� DI or disposition index: a measure of b-cell function in relation to insulin
sensitivity

The IVGTT has been widely used in dairy cows; however, it has only recently been
compared with the HEC test in dry cows on a different feeding level before and after
fasting. Results indicated good agreement between these methods.47 The applica-
bility of the minimal model in dairy cows requires some additional investigation.

Intravenous Insulin Tolerance Test

The IVITT consists of an intravenous bolus injection of insulin and subsequent blood
sampling at regular intervals for the measurement of blood glucose. In dairy cows, in-
sulin doses of 0.02 U/kg (eg, Ref.63), 0.05 U/kg (eg, Ref.64) and 0.1 U/kg (eg, Ref.65)
have been used. The following parameters may be calculated using data obtained
from IVITT65,85:

� Glucose clearance rate following the administration of the insulin bolus
� Insulin-stimulated reduction in blood glucose (% of basal glucose)
� Area under the curve for glucose following the administration of the insulin bolus

The larger the insulin-stimulated reduction in blood glucose and glucose clear-
ance, the higher the insulin response of the glucose metabolism of the peripheral
tissues.
Major disadvantages of the IVITT include the elicited hypoglycemia, which may

generate counterregulatory mechanisms that might confound the estimation of insulin
sensitivity. Furthermore, potentially dangerous neurologic and cardiovascular side
effects of the hypoglycemia may arise if an overdose of insulin is given.37,109

Surrogate Indexes for Insulin Resistance

Several surrogate indexes to estimate the level of insulin resistance have been devel-
oped in human medicine and have subsequently been copied for use in veterinary
medicine. The major purpose of their use is to predict insulin resistance of the periph-
eral tissues based on a single blood sample after an overnight fast.37 The following
surrogate indexes have been proposed37,84,110–112:

HOMA-IR 5 [glucose (mmol/ml) � insulin (mU/ml)]/22.5

QUICKI 5 1/[log glucose (mg/dl) 1 log insulin (mU/ml)]
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RQUICKI 5 1/[log glucose (mg/dl) 1 log insulin (mU/ml) 1 log NEFA (mmol/l)]

RQUICKIBHB 5 1/[log glucose (mg/dl) 1 log insulin (mU/ml)
1 log NEFA (mmol/l) 1 log BHB (mmol/l)]

QUICKIglycerol 5 1/[log glucose (mg/dl) 1 log insulin (mU/ml) 1 log glycerol (mmol/l)]

HOMA, or homeostasis model assessment, is a mathematical model that predicts
the fasting glucose and insulin concentration of an individual using the best possible
combination of insulin resistance and insulin secretion. The mathematical model can
be simplified to the formula of HOMA-IR, or homeostasis model of insulin resistance,
using the formula shown.37 The lower the HOMA-IR value, the lower the insulin resis-
tance of an individual.
The QUICKIs, or quantitative insulin sensitivity check indexes, are mathematical cal-

culations based on the logarithmic transformation of the fasting glucose and insulin
concentrations including some other blood parameters (NEFA, BHB, glycerol). These
indexes have been proved to be very useful in human medicine.37 QUICKI indexes
may be interpreted such that lower values are indicative of higher insulin resistance
of an individual.
Some of the surrogate indexes have been adopted in veterinary medicine and have

been used to predict insulin resistance in dairy cows. However, the applicability of
these indexes requires further investigation. Indeed, the fasting state in humans is
crucial if one is to obtain reliable information on insulin resistance derived from these
surrogate indexes.37 In dairy cows, with the exception of suckling calves, it is impos-
sible to achieve a fasting state whereby insulin and glucose levels are in a balanced
state. In addition, the glucose, insulin, NEFA, BHB, and glycerol levels of dairy cows
can change tremendously at the end of pregnancy and during early lactation, thereby
reducing the suitability of these indexes to be applied during these periods. Any kind of
stress situation during sampling can furthermore lead to important changes in
glucose, NEFA, and insulin, which will affect the interpretation of the insulin index.113

Besides these in vivo considerations regarding the application of surrogate indexes,
laboratory techniques may also affect their application. Analysis of insulin concentra-
tions in bovine serum requires the application of analytical procedures specifically
developed for bovine insulin. Because cross-reactivity with human insulin is not
100%, it is advised to use these bovine-specific kits to calculate the surrogate indexes
for insulin sensitivity and thus allow comparison between different studies.114

Nevertheless, some of these indexes have been applied in different studies dealing
with dairy cows.46,47,84,115,116 Some studies reported similar changes in value
for QUICKI, RQUICKI, RQUICKIBHB, and parameters of glucose tolerance
tests84,85,103,104; others, however, failed to support these observations.46 The practical
application of these techniques requires further validation in dairy cows.

Other Tests

More invasive tests may be used to assess the tissue-specific insulin response in skel-
etal muscle and adipose tissue.
Vernon and colleagues59 determined the arteriovenous glucose difference in the

hindlimb of lactating and nonlactating sheep using arterial and venous catheters
during a HEC test to assess the insulin response of the hindlimb muscles.
Taking muscle biopsies during a HEC test gives the opportunity to study the

activation of the intracellular insulin signaling cascade.117 This approach opens the
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possibility to identify the signaling molecule that is responsible for inducing insulin
resistance.
Besides in vivo testing, in vitro research of biopsies may provide information

concerning the insulin response of specific metabolic pathways.
Short-term in vitro cultures of adipose tissue samples may render information about

the insulin response of the lipolytic and lipogenic pathways in adipose tissue biopsies,
and may provide dose-response curves to assess differences in insulin sensitivity and
insulin responsiveness.118,119

Performing such studies in dairy cows would provide insight into the insulin
response of the different metabolic pathways in the different insulin-sensitive tissues,
and may help to identify the underlying pathogenesis of insulin resistance at the
molecular level. However, these studies are time consuming, require experience of
in vivo and in vitro techniques, and cannot be performed on a large scale.
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INTRODUCTION

Reserves of adipose tissue are stringently maintained by peripherally and centrally
produced hormones in accordance with the “lipostatic” theory.1 The provision of
nutrients for the neonate mammal is facilitated by the catabolism of fat and muscle
for a period of time postpartum. A dairy cow exhibits this mammalian tendency to
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KEY POINTS

� Genetic selection for increased milk production has resulted in cows that lose more BCS
in early lactation and that, consequently, are more susceptible to health disorders after
calving.

� Excessive BCS at calving results in greater BCS loss after calving, increasing the risk of
milk fever, ketosis, and fatty liver.

� Recent experiments during the transition period highlight benefits from controlling (ie,
high-dietary roughage) energy intake precalving, with restricted cows being less prone
to ketosis, fatty liver, and milk fever.

� The collective data indicate that a calving BCS of 3.0 for mature cows and 3.25 for heifers
with a moderate energy restriction precalving will minimize the risk of BCS-related health
disorders around calving.
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nurture the neonate from her tissue stores,2 losing “condition” for approximately 40 to
100 days after calving before replenishing lost tissue reserves.3–6 What makes dairy
cows distinctly unique from all other mammalian species has been the intense trans-
generational genetic selection for early lactation and total milk production during the
last 50 years,7 which has resulted in many physiologic changes that facilitate greater
mobilization of energetically important tissues in dairy cows in comparison with other
mammals.6,8 Such selection pressures have also resulted in a reduction in the health
of dairy cows.9,10

This article reviews the assessment of cow condition and determines the impor-
tance of body condition score (BCS) for cow health, giving due consideration to opti-
mum BCS management strategies that may be used to minimize the likelihood of
periparturient health problems.

ASSESSING COW CONDITION

Although it was probably evident for centuries that cows lost and gained condition
during the lactation cycle, there was no simple measure of a cow’s stored energy
reserves until the 1970s.11 Body weight (BW) alone is not a good indicator of body
reserves, as the relationship is affected by factors such as parity, stage of lactation,
frame size, gestation, and breed.11,12 In addition, because tissue mobilization in early
lactation occurs as feed intake is increasing,4,5,13,14 actual decreases in weight of
body tissue can be masked by enhanced gastrointestinal fill, such that BW changes
do not accurately reflect changes in adipose and weight of lean tissue. Recent
work15 indicates that providing very frequent BW measurements (eg, at every milking)
may help overcome some of these issues, but that for accurate assessment of adi-
pose and lean tissue, measurements of body condition are needed.
Body condition was defined by Murray16 as the ratio of body fat to nonfat compo-

nents in the body of a live animal. However, large-scale direct measurements of body
adiposity were (and remain) difficult and expensive. As a result, multiple systems to
subjectively appraise the stored energy reserves of dairy cattle were introduced in
the 1970s and 1980s, and scores were assigned to reflect the degree of apparent
adiposity of the cow; these scores were termed “body condition scores.” Lowman
and colleagues17 were the first to introduce a BCS scale (0–5-point system) for dairy
cows, adapting a scoring system used to rank beef cattle. Further BCS systems
evolved independently across the world, with a 6-point scale further refined for the
United Kingdom (0–5),18 an 8-point scale developed in Australia (1–8),19 a 5-point sys-
tem established in the United States (1–5),20 and a 10-point scale introduced in New
Zealand (1–10).21,22 Throughout this review, the scale of 1 to 520 is reported. Equations
to convert between scales were reported by Roche and colleagues.22

As the importance of body condition to milk production, reproduction, and health of
cows became better established, the BCS scales became more precise and the
assessment method expanded to encompass more body regions. For example, the
anatomy considered in the original scale proposed by Lowman and colleagues17

included only the spinous process of the lumbar vertebrae, the hip bones, the tail
head, and the “second” thigh; most systems now include the thoracic and vertebral
region of the spinal column (chine, loin, and rump), the ribs, the spinous processes
(loin), the tuber sacrale (hip or hook bones), the tuber ischii (pin bones), the anterior
coccygeal vertebrae (tail head), and the thigh region.22 These additional measurement
sites ensure the important points identified by Lowman and colleagues17 are retained,
and expand the assessment to provide a more complete picture of the energy-reserve
status of the cow.
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Irrespective of the scale used, low values reflect emaciation and high values equate
to obesity. The effectiveness of BCS in estimating available energy reserves was out-
lined by Wright and Russel23 and Otto and colleagues,24 who reported a strong pos-
itive relationship (r 5 0.75–0.93) between BCS and the proportion of physically
dissected fat in Friesian cows. Waltner and colleagues25 also evaluated several
methods for estimating “body adiposity” against recorded body-fat depots (perirenal,
mesenteric, omental, subcutaneous), and reported a strong correlation between BCS
and body fat (r 5 0.83), with only the diameter of the fat cells in the abdominal depot
(r 5 0.88) superseding BCS as a method of estimating body fat.

Accuracy of BCS Assessment

Although modern BCS systems are more definitive than the early versions proposed,
limitations of these scoring systems must still be recognized. BCS assesses the level
of subcutaneous fat possessed by a cow with reasonable accuracy (r2 5 0.75–0.93
for Friesian cows),23,24 but poorly predicts intermuscular and intramuscular fat
(r2 5 0.43).23 The latter stores are major depot regions containing 35% to 45% of
body fat. These data, therefore, imply that BCSmay be less accurate in cows with little
subcutaneous fat, although changes in body fatness in these subcutaneous and
“internal” depots are generally proportional, such that BCS correlates strongly with
total chemical content of body fat.
To aid consistent BCS assessment, several teams have independently produced

BCS educational material.21,26–28 All materials tend to be a mix of pictures and
text, which detail changes in the conformation of anatomic locations regarded as
important with BCS change.22 Edmonson and colleagues28 evaluated one such
tool and reported consistent BCS predictions with little interassessor variability, no
significant cow-assessor interaction, and no significant effect of assessor experience.
However, Kristensen and colleagues29 reported improved BCS assessment and
reduced interassessor variability when veterinarians were first trained by expert
assessors.

PHYSIOLOGY OF LIPID METABOLISM

Changes in a cow’s condition, measured over several weeks, provide gross informa-
tion about the cow’s nutrient intake relative to its requirements during that time.
Although protein and mineral stores are also used by the cow in early lactation, the
most important reserve is adipose tissue. A greater understanding of factors affecting
lipid metabolism therefore results in a better understanding of the factors influencing
BCS mobilization and replenishment.

Homeostatic and Homeorhetic Mechanisms

During periods of chronic energy deficit, key hormones and tissue responsiveness are
altered to change lipid metabolism, increasing long-chain fatty acid (LCFA) mobiliza-
tion into blood (ie, nonesterified fatty acids [NEFA]) to maintain physiologic equilib-
rium.2 This condition is known as homeostasis, the net result of which is the
mobilization of adipose tissue reserves in response to the energy deficit.
Homeostatic control implies that if the nutritional environment is adequate, the

lactating dairy cow can meet its energy demands from dry-matter intake (DMI), and
tissue mobilization will be minimized. Thus, if homeostatic controls were the only regu-
lator of lipid metabolism during early lactation, an increased energy intake should, in
theory, abolish mobilization of body lipids. However, attempts to reduce body-lipid
mobilization in early lactation (weeks 1–4 postpartum) by feeding energy-rich diets
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or decreasing energy output have generally not been successful,4,30–32 and severe
feed restrictions during the same period have not increased BCSmobilization32; these
data imply that another mechanism is involved in BCS mobilization during this early
lactation period. This finding is consistent with reported effects of genetic merit for
milk production and energy intake on the activity of key lipolytic and lipogenic en-
zymes.8,33 These data led to the conclusion that early-lactation lipolysis was largely
genetically controlled, whereas enzymes involved in lipogenesis were primarily regu-
lated by energy intake. More recent studies4 indicate a potential cow genotype by diet
interaction in lipogenesis, but concur with the lack of effect of diet on the homeorhesis-
regulated lipolysis initiated around parturition.
There are characteristic changes in lipid metabolism during pregnancy and lactation

in most mammals. Endocrine profiles change and lipid metabolism is altered to in-
crease lipid reserves during pregnancy; these reserves are subsequently used at
the initiation of lactation.34,35 These changes occur not as a function of a changing
nutritional environment, but rather as a function of physiology (ie, stage of lactation);
this is homeorhetic control of lipid metabolism.2 The implication behind the concept
of homeorhesis is that the animal has a genetic drive to safeguard important biological
functions, such as survival of the neonate (through provision of milk) or reproduction.
This drive can only be fulfilled if the necessary resources are partitioned to these func-
tions/processes by “orchestrated or coordinated changes in metabolism of body tis-
sue, necessary to support a dominant physiologic state.”2

Thus, lipid metabolism is regulated by both homeostatic and homeorhetic mecha-
nisms. Homeostatic regulators of lipid metabolism are nutritionally sensitive, whereas
homeorhetic regulators are, for the most part, nutritionally insensitive, instead being a
function of a physiologic state. Regulation and coordination of energy intake and post-
absorptive nutrient partitioning, in particular lipid metabolism, are key components of
the periparturient homeorhetic adaptations in the dairy cow.

Lipid Metabolism

Adipose tissue represents the body’s predominant energy reserve and consists of tri-
acylglycerol (TAG)-filled cells known as adipocytes, within which lipolysis and lipogen-
esis are continuously occurring, resulting in constant degradation and resynthesis of
intracellular TAG (Fig. 1).

Lipogenesis
Lipogenesis occurs in ruminant adipocytes via 2 pathways: de novo synthesis and
uptake of preformed LCFA from circulation. Compared with monogastric animals,
who use glucose for lipogenesis, ruminants use acetate derived from rumen fermen-
tation as the predominant carbon source for de novo fatty acid (FA) synthesis. Acetyl–
coenzyme A (CoA) carboxylase, the rate-limiting enzyme in this process,36 catalyzes
the formation of malonyl-CoA, the committed step in FA synthesis. Malonyl-CoA is
then condensed with acetyl-CoA by FA synthase to produce the first 4-carbon acyl
unit, butyrate. Additional malonyl-CoA (produced by acetyl-CoA carboxylase) are
condensed with the growing acyl chain (via FA synthase) to produce longer-chain
FA, resulting in palmitate as the primary product (C16:0).36

In the case of FA uptake from circulating chylomicron or very low-density lipopro-
teins (VLDL), endothelial lipoprotein lipase hydrolyzes plasma TAG, producing NEFA
and monoacylglycerol.37 Uptake of NEFA can occur via free diffusion (known as unsa-
turable transport), particularly at high local concentrations, or via the membrane-
bound proteins FA translocase (CD36) and FA transport protein (known as saturable
transport).38 Intracellular activation to acyl-CoA or transport of the “free” LCFA is

Roche et al326



mediated by acyl-CoA synthases and binding proteins.38 There are several isotypes of
the FA transport and acyl-CoA synthases and their expression, and that of the LCFA
translocase changes in adipose tissue and mammary gland of dairy cows during the
transition from pregnancy to lactation (eg, decrease in adipose and increase in the
mammary gland).39–41 Esterification of LCFA to TAG in adipose tissue occurs through
either the phosphatidic pathway or the monoacylglycerol pathway, depending on the
availability of glycerol-3-phosphate and monoacylglycerol.42 Because adipose tissue
lacks glycerol kinase, the main source of glycerol-3-phosphate for TAG synthesis is
glyceroneogenesis, likely from exogenous lactate.43 The key enzyme in this process
is cytosolic phosphoenolpyruvate carboxykinase, whose expression in adipose de-
creases markedly after parturition41 in line with the catabolic signals.

Lipolysis
During basal lipolysis, adipose triglyceride lipase catalyzes the hydrolysis of TAG to
diacylglycerol and FA.44,45 The FA is then recycled to TAG rather than being exported
out of the adipocyte. During stimulated lipolysis, as in states of chronic energy deficit,
hormone-sensitive lipase (HSL) acts as a catalyst to FA hydrolysis at the sn-1 and sn-3
positions.46 Activation of HSL by lipolytic hormones is mediated by reversible phos-
phorylation via cyclic adenosine monophosphate–dependent protein kinase A, which
also phosphorylates perilipin, a hydrophobic protein that is a component of the lipid
droplet membrane. Both steps are crucial for sustained lipolysis because phosphory-
lated perilipin is partly dissociated from the lipid droplet membrane, thus providing ac-
cess for HSL to the TAG core. Monoacylglycerol lipase hydrolyzes the remaining FA at
the sn-2 position, and the overall process generates 3 NEFA and a glycerol back-
bone.46 Even during periods of active lipolysis, a major portion of the hydrolyzed
LCFA are reesterified within the adipocyte.43 The portion of NEFA that is released

Fig. 1. Lipid metabolism in the transition dairy cow. Positive signs (1) indicate stimulation,
and negative signs (�) indicate inhibition. Dashed lines are processes that occur at low rates
or only during certain physiologic states. CoA, coenzyme A; CPT-1, carnitine palmitoyltrans-
ferase I; EPI, epinephrine; GH, growth hormone; NEFA, nonesterified fatty acids; TAG, tria-
cylglycerol; TG, triglyceride; VLDL, very low-density lipoproteins. (Adapted from Drackley JK.
Biology of dairy cows during the transition period: the final frontier. J Dairy Sci 1999;82:
2262; with permission.)
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from the adipocyte quickly attaches to serum albumin for transport to various tissues.
Glycerol and monoacylglycerol are released into the circulation via aquaporin chan-
nels in the plasma membrane.45 During high rates of NEFA mobilization the ratio of
NEFA to albumin increases, and NEFA occupy the lower-affinity binding sites on the
albumin molecule. This weak connection favors delivery and uptake of NEFA by
energy-requiring and lipid-requiring tissues.46

NEFA metabolism
Circulating NEFA are metabolized via 3 pathways: they can be oxidized by the liver
and skeletal muscle as an energy source, reesterified to TAG in the liver, or used by
the mammary gland as a source of LCFA for the synthesis of milk fat (see Fig. 1).
b-Oxidation of FA in liver is localized in the mitochondrial and peroxisomal compart-

ments of hepatic cells; the former produces acetyl-CoA and reduced forms of nicotin-
amide adenine dinucleotide and flavin adenine dinucleotide, which generate energy via
production of adenosine triphosphate (ATP) in the citric acid cycle and electron trans-
port chain, respectively.46 Hepatic cells convert excess acetyl-CoA from b-oxidization
into ketone bodies (acetoacetate and b-hydroxybutyrate [BHB]).47 Ketosis is an
important energy-providing mechanism for dairy cows in early lactation, even though
acetyl-CoA conversion to ketone bodies, rather than complete b-oxidation, is less
energetically efficient.46 During early lactation, themajority (>80%) of available glucose
is partitioned to the mammary gland, and because vital organs (eg, the brain) cannot
metabolize FA as an energy source, ketone-body oxidation becomes essential for
survival.46 The rate of ketone-body formation is directly proportional to lipolytic and
FA oxidation rates.
An alternative pathway to hepatic NEFA oxidation is via peroxisomes, subcellular

organelles present in most organs of the body.48 Compared with mitochondrial
b-oxidation, which generates energy in the form of reduced nicotinamide adenine
dinucleotide in addition to acetyl-CoA, peroxisomal b-oxidation produces hydrogen
peroxide (via catalase) and, more importantly, shorter acyl-CoA, which can then be
transported to the mitochondria for further oxidation. Because peroxisomes do not
contain a respiratory chain linked to ATP formation, it is proposed that the less
energy-efficient peroxisomal b-oxidation may play a role as an overflow pathway to
oxidize FA only during extensive NEFA mobilization (see Fig. 1).

Nonesterified FA that do not undergo hepatic b-oxidization are reesterified to TAG
and released into the circulation as VLDL (see Fig. 1). During periods of negative en-
ergy balance, the hepatic capacity for FA reesterification increases. However, the
VLDL export rate from the liver remains low,49 possibly because of the bovine’s
reduced capacity to generate apoprotein B, one key component controlling the overall
rate of VLDL synthesis and secretion.50 Thus, increased hepatic NEFA uptake and
reesterification combined with an inherently low rate of VLDL synthesis and release
can result in hepatocyte TAG accumulation, a phenomenon often referred to as fatty
liver.

BCS AND HEALTH

The relationship among BCS and variables of cow health51–55 is less consistent than
that reported for BCS and milk or BCS and fertility.6 Nevertheless, Uribe and
colleagues10 and Ingvartsen and colleagues9 reported a negative genetic correlation
between milk production and health in Holstein-Friesian cows, implying that selection
for milk production alone has resulted in increased morbidity. If this is true, one would
expect an increased risk of a health problem in thin cows or those that lose excessive
BCS in early lactation. Although this is consistent with the increasing public perception
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that thin cows are welfare compromised, there is little research to either support or
refute this hypothesis.
If a relationship between a cow’s energy balance/status and health exists, it could

manifest in 2 ways:

1. Thin cows or cows in severe negative energy balance may be more susceptible to
infection (causal relationship).

2. “Unhealthy” animals may have a reduced DMI, and a resultant greater body-tissue
mobilization to satisfy the drive to produce milk (associative relationship).

BCS and Periparturient Metabolic Diseases

Metabolic diseases are complex disorders that occur when the cow’s ability to adjust
to a major physiologic change (eg, calving) is compromised. Such diseases have
been a persistent problem for farmers for centuries, with milk fever first described
in Germany in 179356 and ketosis reported in the United States as early as 1849.57

The majority of cases of metabolic and infectious diseases occur during the transition
period around calving, and much of the effort during this time is aimed at prevention of
these diseases.
Most metabolic diseases stem from excessive BCS loss, nutritional inadequacy, or

failure to prime metabolic processes for the change from gestational to lactational
demands. There is also increasing evidence of a link between nutritional and manage-
ment factors that contributes to immune dysfunction and nonclassic metabolic disor-
ders (eg, milk fever that occurs before the drain on calcium following the first milking)
and infectious diseases.58–60

Fatty liver
Fatty liver disease, or hepatic lipidosis, is probably the metabolic disorder most asso-
ciated with excessive BCS during the transition period. Excessive TAG accumulation
in liver occurs when the hepatic uptake of NEFA exceeds their oxidation and secretion,
and occurs primarily at some point during the first 4 weeks postpartum.61 Fatty liver
occurs often in cows that are overconditioned at parturition and results in dramatic
decreases in DMI, a greater incidence of downer cows, and negative health effects
that may be irreversible.60,62,63 However, fatty liver can also occur in cows that are
not overconditioned, with reports of up to 50% of dairy cows affected during early
lactation.64

From a biochemical standpoint, the bovine liver can esterify NEFA in vitro at a rate
similar to that in simple-stomached species such as rat, pig, and chicken, but the rates
of TAG export in VLDL from ruminant liver is markedly lower than those of other spe-
cies.49 This feature is partly responsible for the consistent increase in liver TAG during
the first few weeks postpartum.60

Milk fever
Roche and Berry55 reported a nonlinear association between BCS and the incidence
of milk fever. The odds of a cow succumbing to milk fever were 13% and 30% greater
at a calving BCS of less than 2.5 and greater than 3.5, respectively, compared with a
calving BCS of 3.0. The investigators hypothesized that the relationship between fatter
cows at calving andmilk fever is probably a result of both attenuated postcalving DMI6

in cows with excessive BCS (>3.5) and an increased milk production supported by
catabolism of tissue reserves.65,66 The reason for increased milk fever in very thin
(BCS <2.5) cows at calving is unclear, as cows in negative energy balance precalving
retain periparturient eucalcemia more effectively than well-fed cows.32,65 Such an
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association may, instead, reflect a general malaise in thin cows and an inability to
maintain eucalcemia (associative relationship), rather than an effect of low BCS on
eucalcemia per se. For example, cows succumbing to postparturient disorders
have been reported to reduce DMI before calving.67,68

Ketosis
Roche and colleagues69 reported a moderate correlation (r 5 0.51) between calving
BCS and BCS loss postcalving, implying that overconditioned cows at calving mobi-
lize more fat in early lactation. Combined with a lower DMI associated with greater
BCS6 and an increase in lactose requirements for milk production (and therefore he-
patic gluconeogenesis), hepatic oxaloacetate would likely become limiting for FA
oxidation, and FA and ketone bodies would accumulate. Consistent with this hypoth-
esis, Gillund and colleagues52 reported a doubling of the risk of ketosis in dairy cows
with a calving BCS of greater than 3.5 compared with those calving at BCS 3.25.
These conclusions are consistent with the metabolic profiles presented by Roche.32

This study reported an interaction between calving BCS (precalving level of feeding)
and postcalving level of feeding on circulating ketone-body concentrations; plasma
concentrations of BHB were between 50% and 100% greater in cows that calved
at BCS 3.0 and underwent a feed restriction postpartum (type I ketosis) than in
cows that calved at BCS 2.85 and underwent the same feed restriction. These data,
and the doubling of the odds of ketosis with only a 0.25 BCS increase in calving
BCS,52 highlight the sensitivity of periparturient dairy cows to small differences in
BCS with regard to ketosis.

BCS and Infectious Diseases

There are only limited data evaluating the association between energy balance and the
risk of infectious diseases. Uterine infections have been associated with both precalv-
ing and early-lactation BCS loss,54,70 implicating overconditioning in the risk of infec-
tious disease. Similarly, Berry and colleagues51 reported greater odds of clinical
mastitis during lactation in cows with greater BCS at calving. In direct contrast, how-
ever, Heuer and colleagues53 and Hoedemaker and colleagues71 reported a greater
risk of metritis in thin cows, suggesting that the association between BCS and the
risk of infectious diseases is nonlinear, with a greater risk in extreme BCS cows.
It is unclear why fatter or heavier cows in early lactation should be more prone to

high somatic cell count (SCC) and clinical mastitis, but the relationship may be merely
associative. Ketosis is a disorder that occurs more frequently in overconditioned cows
at calving,52 and it has been reported to predispose cows to clinical mastitis.72

There is also an association between the prevalence of subclinical disease and
BCS, although the relationship is complicated by parity. Berry and colleagues51

reported that first-parity and second-parity cows exhibited a negative relationship
between early-lactation BCS and SCC, whereas cows in their third lactation or greater
presented with a positive relationship (ie, SCC increased with increasing BCS post-
partum). This finding is similar to the interaction between calving BCS and the inci-
dence of subclinical endometritis, with increased numbers of polymorphonuclear
cells in uterine samples 28 and 42 days postcalving in low BCS first-lactation and
second-lactation cows, but no such relationships in older cows.73

In summary, the published data indicate that “thinness” of mature cows does not
predispose them to a greater risk of intramammary infection, although younger
cows may be more susceptible to infection when thin. By comparison, overcondition-
ing at calving (BCS >3.5) may predispose cows to a greater risk of mastitis, through
associated metabolic disorders.
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BCS at calving and the rate of BCS loss after calving contribute to the probability of
both infectious and metabolic diseases. The lack of consensus in the literature on the
effect of BCS on health probably relates to differences in the diseases investigated
and the methods of diagnosis. Periparturient metabolic disorders are more associated
with elevated calving BCS than thinness, probably as a result of increased BCS loss
after calving and a lower DMI after calving. The negative association between BCS
and the risk of infection (uterine or mammary) is parity dependent, with data indicating
that younger cows (first and second parity) will benefit from a greater calving BCS
(w3.25) than mature cows.6

MANAGEMENT OF TRANSITION COW AND BCS TO OPTIMIZE HEALTH

As well as adhering to best management practice around mineral and vitamin nutrition
and dry cow management, there are 2 practical approaches to minimize the risk of
cows developing BCS-related metabolic diseases after calving:

� Ensure cows are not excessively fat at calving
� Limit energy intake in the 2 weeks preceding calving

The positive association between calving BCS and the incidence of metabolic dis-
eases iswell established.6However, thismust be consideredwithin the context of favor-
able associations betweencalvingBCSandmilk productionandBCSand reproduction,
and the association between low BCS and infectious diseases in young cows. Recog-
nizing this quadratic response to BCS, Roche and colleagues6 recommended a calving
BCS of 3.0 (5-point scale), therein finding a middle ground for system optimization.
In addition to managing peripartum BCS, recent research has highlighted the impor-

tance of transition cow nutrition in optimizing cow health. Traditionally, epidemiologic
and metabolic research results were interpreted to support the long-held recommen-
dation of “priming” or “steaming up” the cow several weeks before calving.74 This
practice was based on a positive association between precalving plasma NEFA and
the incidence of postpartummetabolic disease,75 and a negative association between
prepartum energy intake and postpartum TAG accumulation in the liver.76 However,
experiments investigating the effect of prepartum energy balance on postpartum
metabolism and health32,62,65,77 do not agree with these recommendations, instead
reporting that increasing plasma NEFA concentrations through controlled energy
intake precalving improves peripartum and postpartum health and physiologic func-
tion; a moderate restriction in energy intake precalving resulted in improved post-
partum energy balance, lower liver TAG and blood BHB, increased hepatic
gluconeogenesis and b-oxidation, and greater DMI.32,62,65,77

Recent experiments in periparturient cow behavior and physiology help explain
these apparent inconsistencies. Huzzey and colleagues68 and Goldhawk and col-
leagues67 highlighted that cows that succumb to either ketosis or metritis after calving
have a lower DMI precalving, well before metabolic evidence of disease. Similarly,
Burke and colleagues58 reported an increase in subclinical uterine inflammation 28
to 42 days after calving in cows that had lower concentrations of blood albumin pre-
calving than their nonaffected counterparts, implying liver dysfunction before uterine
inflammation. Thus, Huzzey and colleagues68 and Burke and colleagues58 identified
changes to animal behavior and physiology before evident pathology, indicating
that the relationship between prepartum NEFA and postpartum health were associa-
tive rather than causative.
As a result of this greater understanding of peripartum physiologic dysfunction and

its relationship with metabolic diseases, management recommendations for the
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transition cow have changed. It is now recommended that cows achieve a BCS of 3.0
to 3.25 1 month before calving and then consume 80% to 100% of their energy re-
quirements in the month before calving. For a complete review, see Roche and
colleagues.60

SUMMARY

Genetic selection for increased milk production has resulted in cows that lose more
BCS in early lactation and, consequently, are more susceptible to postcalving health
disorders. Excessive BCS at calving results in greater BCS loss after calving,
increasing the risk of milk fever, ketosis, and fatty liver. By comparison, the immune
system of thin cows is less effective at calving, predisposing these cows to infectious
diseases, particularly the younger cohort. Recent experiments during the transition
period highlight benefits from controlling (ie, high-dietary roughage) energy intake pre-
calving, with restricted cows being less prone to ketosis, fatty liver, and milk fever. The
collective data indicate that a calving BCS of 3.0 for mature cows and 3.25 for heifers
with a moderate energy restriction precalving will minimize the risk of BCS-related
health disorders around calving.
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Energy and Protein Nutrit ion
Management of Transition Dairy
Cows
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INTRODUCTION

The aims of this article and a companion article in this issue are to briefly review some
of the underlying physiology of changes that occur around calving, examine the poten-
tial to control the risk of disease in this period, increase milk production, and improve
reproductive performance through better nutritional management. Practical guidelines
for veterinarians and advisors are provided.
The periparturient or transition period in the 4 weeks before and 4 weeks after

calving is characterized by greatly increased risk of disease.1–3 The last 3 to 4 weeks
of gestation are characterized by a period of rapid fetal growth, colostrogenesis and
mammary development, and metabolic adjustments favoring mobilization of fat and
other nutrients; all in combination with declining dry matter intake (DMI). The first 3
to 4 weeks after parturition features slowly increasing DMI in conjunction with rapidly
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KEY POINTS

� The periparturient or transition period in the 4 weeks before and 4 weeks after calving is
characterized by greatly increased risk of disease.

� The last 3 to 4 weeks of gestation are characterized by a period of rapid fetal growth, co-
lostrogenesis and mammary development, and metabolic adjustments favoring mobiliza-
tion of fat and other nutrients; all in combination with declining dry matter intake (DMI).
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increasing nutrient losses in support of milk production. During this time rapid mam-
mary tissue growth continues as well as hypertrophy of key metabolic and digestive
organs. Metabolically, the cow is in a state of nutrient reserve mobilization, primarily
adipose and labile protein but also bone. A critical adaptation is to stabilize homeo-
static control mechanisms of key nutrients including glucose and calcium in support
of lactation. These adaptations to the demands of the fetus and lactation are a process
termed homeorhesis.4 Homeorhetic processes are the long-term adaptations to a
change in state such as from being nonlactating to lactating or nonruminant to rumi-
nant and involve an orchestrated series of changes in metabolism that allow an animal
to adapt to the challenges of the altered state.
Diseases that result from disordered homeorhetic change reflect disorders in ho-

meostasis, in other words, these are failures to adapt that result in shortages of nutri-
ents that are vital for existence. These conditions are often interrelated2,5,6 and include

� Hypocalcemia and downer cows
� Hypomagnesemia
� Ketosis, fatty liver, and pregnancy toxemia
� Udder edema
� Abomasal displacement
� Retained fetal membranes/metritis
� Poor fertility and poor production

Although in the past, there has been a tendency to look at metabolic systems in
isolation, metabolic processes within the body are intricately linked. This concept re-
flects a need for effective homeostatic control of metabolism. A failure of one meta-
bolic process inevitably affects the efficiency of others. As research progresses,
homeostatic links between metabolic processes once believed to be distant and
unrelated are continually uncovered. As a result of the increased understanding of
homeostatic processes, the concept of transition feeding has evolved from one
focused only on control of milk fever to an integrated nutritional approach that
addresses optimization:

� Calcium and bone metabolism
� Energy metabolism
� Protein metabolism
� Immune function
� Rumen function

Addressing any one of these areas in isolation would be of some benefit, but devel-
oping integrated nutritional strategies based on an understanding of the homoeostatic
and homeorhetic processes involved in the transition from a nonlactating to lactating
animal would have substantial benefits.
Grummer7 stated that “If transition feeding is important, then perturbations in nutri-

tion during this period should affect lactation, health and reproductive performance.”
There is now a substantial body of evidence clearly confirming that the transition
period represents a brief but critically important period of time in a cow’s life when
careful manipulation of diet can have a substantial impact on subsequent health
and productivity. The aims of transition can be summarized in the establishment of
4 freedoms from the disorders outlined in Table 1.8

By achieving these goals, minimizing the loss of body protein before calving, and
enhancing mammary development in the periparturient period, milk production will in-
crease in the subsequent lactation. Although transition cow nutrition research results
are not consistent across studies, milk production responses relative to controls are in
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the order of 500 to 1000 kg of milk per lactation with improved transition cow nutrition
andmanagement. Targets for the various disease conditions encountered during tran-
sition are outlined in Table 2 and a framework for understanding the effects of transi-
tion and longer-term nutrition on reproduction is provided in Fig. 1.
This article takes a slightly different approach to providing suggestions regarding di-

etary requirements for the transition. In particular, the different sources of nonstruc-
tural carbohydrates are examined separately and fats are not treated generically.
There is an increasing body of evidence that these are biologically active substances
with marked differences in action. This article addresses aspects of lipid mobilization
disorders and ruminal disruption. The focus is on meeting energy and protein needs
while maintaining stable rumen function.

WHAT IS THE NATURE OF METABOLIC CHANGE AROUND CALVING?

Changes in hormone metabolism before calving have been well described.4,9 Bauman
and Currie4 noted the following adaptive changes to lactation: increased lipolysis,
decreased lipogenesis, increased gluconeogenesis, increased glycogenolysis,
increased use of lipids and decreased glucose use as an energy source, increased
mobilization of protein reserves, increased absorption of minerals and mobilization
of mineral reserves, increased food consumption, and increased absorptive capacity
for nutrients. Examining the homeorhetic and homeostatic responses to lactation as-
sists understanding of the factors influencing the risk of disease. These responses can
be exaggerated or perturbed by release of inflammatory mediators from lipid mobili-
zation, environmental stressors, or subclinical disease conditions increasing postpar-
turient disease risks.10–14

In brief, the following hormones influence the initiation of lactation and are asso-
ciated with profound changes in metabolism. The precipitous decrease in plasma

Table 1
Defining the 4 freedoms

Condition Detail

Macromineral deficiency Mainly refers to calcium, magnesium, and phosphorus. Milk
fever and grass tetany (hypomagnesemia) can result from a
conditioned deficiency whereby excess potassium reduces
the capacity of the cow to maintain stable blood
concentrations of calcium and magnesium

Lipid mobilization disorders Includes ketosis, fatty liver, and pregnancy toxemia; diseases
that are largely influenced by a failure to provide sufficient
or effective energy sources around calving

Immune suppression Often associated with lack of energy or protein intake;
micronutrients are often involved including copper,
selenium, zinc, and vitamins A, E, and D

Ruminal disruption Cows are vulnerable to changes in diet resulting from lower
feed intake, poor quality silages, and rapid introduction of
concentrates after calving

Definition: Negative energy balance refers to deficits in energy requirements that are esti-
mated. A negative nutrient balance refers to the loss of body tissue consisting of fat, glycogen,
protein, minerals, and vitamins that occurs around calving.
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progesterone levels that occurs at parturition is a key stimulus for lactogenesis. Estro-
gen levels increase rapidly in the last week of gestation and may play an important role
in the initiation of lactation. Prolactin is important to the development of the mammary
gland before lactation in cows. However, in dairy cattle, prolactin does not seem to
play an important role in the maintenance of lactation. Glucocorticoids are important
in the initiation and maintenance of lactation. Plasma cortisol levels increase in the im-
mediate periparturient period and are associated with a transient hyperglycemia at
calving.

Establishing a ‘causal web’ of understanding

Time

Hierarchy of input

Nutrition

Age 
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Internal Flux
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Fig. 1. A causal web to develop a model of metabolic subfertility in dairy cattle. The web
shows a hierarchy of inputs and factors influencing subfertility. Nutrition before the dry
period or initial calving and transition nutrition determine the nutrient stores available
from body tissue reserves and those from lactation nutrition influence the nutrients avail-
able at any given time. These inputs, genetics, age, and environment determine reproduc-
tive responses. (From Lean IJ, Rabiee A. Quantitative metabolic and epidemiologic
approaches to fertility of the dairy cow. In: Proceedings of the Dairy Cattle Reproduction
Council. Denver (CO): 2007. p. 115–32.)

Table 2
Achievable targets for cow health problems (expressed as the percentage of cases of calving
cows within 14 days of calving)

Disease Target (%) Alarm Level (%)

Milk fever 1 (2 in old cows >8 y) >3

Clinical ketosis <1 >2

Subclinical ketosis >1 mmol/L
(enzymatic assay week 1 after calving)

<10 >10

Retained placenta >6 h <5 >7

Lameness >2 Specher et al locomotion
score (1–5)

<4 when score >2 >4 when score >2

Clinical mastitis <5 cases/100 cows in first 30 d >5

Hypomagnesemia 0 Any

Calvings requiring assistance <2 >3

Displaced abomasums (%) <1 >2

Clinical acidosis (%) <1 >1
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Insulin and glucagon play a central role in the homeostatic control of glucose. There
is evidence, however, of insensitivity of cows to insulin in early lactation. The transitory
hyperglycemia that occurs at calving does not seem to stimulate insulin. The insulin
responses in hypoglycemic and ketonemic cows were less for glucose infusions
and feeding than in normal cows, suggesting marked insulin resistance. Metz and
van den Bergh15 found that the response of adipose tissue to insulin in the peripartur-
ient cow was altered, because insulin addition did not reduce rates of lipolysis in vitro.
Lipogenic activities of adipocytes are reduced by about one-third after calving.
Glucagon plays a gluconeogenic role in the bovine, but may not stimulate lipolysis
to the same extent as in nonruminant species. Thyroid hormone has a lactogenic func-
tion either when supplied orally or when injected and has been used in experimental
protocols to induce ketosis.16 However, thyroxine levels either decrease or are un-
changed after calving.
Somatotropin plays a key lactogenic role in cattle as shown by milk production

responses to exogenous somatotropin (rBST) and positive relationships between pro-
duction and somatotropin levels in comparisons of high-yielding and low-yielding cat-
tle. Somatotropin is possibly the most important hormonal determinant of increased
milk yield in cattle. There is evidence that treatment with rBST may improve the health
of periparturient cows, indicating the potential for somatotropin to positively integrate
metabolism (see later discussion).

Fetal Demand for Nutrients

Bell9 reviewed studies examining the nutrient demands of the fetus in late gestation.
The fetal requirements for energy, althoughmodest, are demanding in that the require-
ment for glucose is 4 times greater than that for acetate.
This demand highlights problems with the low energy density/low energy intake of

dry cow diets recommended in the past. The fetus may even have an a priori demand
for glucose as plasma glucose concentrations decreased in cows treated with sodium
monensin before calving, despite the glucogenic action of monensin.17

The fetus also has significant requirements for amino acids, which are used for tis-
sue deposition and oxidation. The fetal requirement for amino acids seems to be 3
times greater than the net requirement for fetal growth9 because of significant oxida-
tion of amino acids in the fetus.
In summary, fetal demands increasemarkedly in the last 4 weeks of gestation. There

is an increased demand for glucose, an approximately 3-fold increase in demand for
glucose immediately after calving, a doubling of the amino acid requirement, a 5-fold
increase in fatty acid requirements, and a doubling of calcium needs in lactation
compared with the needs of the cow and fetus.

CHALLENGES TO SUCCESSFUL ADAPTATION
Reduced Dry Matter Intake

Periparturient disease conditions are associated with decreased DMI, and feed intake
is a critical determinant of health and productivity in the dry period. Feed intake and
nutrient density of the diet determine the availability of nutrients to the cow and rapidly
developing fetus. Grant and Albright18 reviewed the feeding behavior and manage-
ment factors during the transition period for dairy cattle and found that feed intake
decreased by about 30% during the week before calving.
Factors that influence feed intake include social dominance, digestibility of the

diet, access to feed, and palatability of the feed.18 Cows and sheep with higher
body condition scores have lower DMI after parturition,19,20 and lower DMI has
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been noted immediately after calving and before calving21 for cows with clinical
ketosis.
Stephenson and colleagues17 found that plasma 3-hydroxybutyrate (BHB) concen-

trations increased from 35 days before calving, in association with increased plasma
free fatty acid concentrations (NEFA). Similar increases have been observed in other
studies. It is unclear whether BHB and nonesterified fatty acid (NEFA) levels increase
as a result of lower DMI, changes in the nutrient density of the diet, or increased fetal
demand.
Providing access to feed for more than 8 hours per day and maintaining adequate

availability and nutrient density of feed, controlling dominance behavior by grouping
and providing adequate feed access and controlling body condition to an ideal of
approximately 3.5 on the 5 point scale22 reduce the risk of inadequate nutrient intake.
In particular, the use of more digestible forages with lower slowly digestible fiber con-
tent allows greater DMI. Considerations around grouping of cattle need to be
tempered with an understanding that movement of cattle between groups results in
activity to establish new social hierarchies.23–25

The effect of greater DMI was demonstrated by force feeding periparturient cows
through a ruminal fistula.26 Cows that received more feed had less hepatic lipid accu-
mulation and higher milk production after calving. The higher milk production resulted
from greater postpartum feed intake and a highly significant positive correlation be-
tween precalving and postcalving feed intake was identified.26 DMI before calving
seems to be an important determinant of production after calving.

Impact of Lipid Mobilization on Liver Function

Reynolds and colleagues27 measured glucose flux across portal-drained viscera over
the transition period, finding minimal net change but a 267% increase in total
splanchnic tissue output of glucose. This dramatic increase was almost exclusively
a result of increased hepatic gluconeogenesis. Increased hepatic protein synthesis9

and greater oxygen consumption27 during transition are consistent with increased he-
patic gluconeogenesis. The liver seems to be able to better synthesize glucose from
propionate at 21 days postpartum comparedwith 1 day postpartum or 21 days prepar-
tum.28 The volatile fatty acid (VFA), propionate, is the primary source (50%–60%), of
glucose but other substrates must be used to maintain glucose production, including
lactate (15%–20%) from placental metabolism and skeletal muscle glycolysis, amino
acids (20%–30%) from skeletal muscle catabolism and dietary absorption, and glyc-
erol (2%–4%) released from adipose tissue lipolysis.27,29

Overton30 examined the effects of lipid mobilization on liver function. Increased tis-
sue mobilization increases the flux of NEFAs to the liver for oxidation and increases the
need to export some of these back to peripheral tissues as ketones. The liver may not
be able to reexport sufficient of these and accumulates fat in hepatocytes. The impli-
cations of this accumulation are that the rates of both gluconeogenesis and ureagen-
esis may be impaired.31 Strang and colleagues31 found that hepatic ureagenesis was
reduced 40% through exposure of liver cells to NEFAs, which resulted in increased
triglyceride accumulation similar to that of cows after calving. Triglyceride accumula-
tion in the liver around the time of calving has been recognized for many years.7,32

Excessive lipolysis results in a greatly increased blood NEFA concentration and
greater hepatic triglyceride accumulation and is associated with a higher risk of 1 or
more periparturient diseases.7,33–36 Any factor resulting in greater energy demand
(eg, twin pregnancy, cold stress), lower energy intake (eg, poor feed quality, reduced
feed availability, heat stress) or both decreases energy balance and ultimately blood
NEFA concentration.7
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In summary, maternal tissues reduce their use of glucose to meet energy needs over
the transition, and increase hepatic gluconeogenesis to provide sufficient endogenous
glucogenic substrate to account for lower nutrient intake. Failure to adapt to the de-
mand for glucose increases mobilization of lipids and lipid-related disorders, such
as hepatic lipidosis, ketosis, and pregnancy toxemia, the most severe of these.

ENERGY AND PROTEIN METABOLISM: OPPORTUNITIES AND LIMITATIONS TO
IMPROVING PERFORMANCE

The demands for amino acids and glucose by the fetoplacental unit, and amino acids,
glucose, and fatty acids by the mammary gland, particularly during stage 2 lactogen-
esis,9,37 combine with a lowered potential DMI immediately before calving38 to place
the cow at great risk of mobilizing significant amounts of body fat and protein.

Energy Reserves: Body Condition

The body condition score (BCS) is a major determinant of the calving to first estrus in-
terval; cows in higher body condition display estrus earlier.19 Improved prepartum
nutrition to increase BCS to moderate or better at calving was generally associated
with increased milk production in dairy cows.39–41 Excessive BCS (>3.75, scale of 1
to 5) in late pregnancy induces lower DMI during late pregnancy and early lactation
resulting in greater negative energy balance in early lactation, as shown by excessive
reduction in BCS (>1).42 Westwood and colleagues43 identified several factors that
significantly influenced the display of estrus at first and second ovulation. Higher
body weight of cattle before calving and postcalving appetite were significant factors
that increased estrus display. Measures of metabolites in blood that reflected a better
energy balance, including cholesterol concentrations and the ratio of glucose to
3-hydroxybutyrate, were also associated with greater display of estrus at ovulation.
In summary, improved BCS to approximately 3.75/5 is associated with better

fertility, but greater increases are probably detrimental. The relationship between
BCS and fertility may be better understood once the tissue components (fat, protein,
glycogen) included in the BCS can be evaluated.

Energy Intake: Carbohydrates

The estimated energy balance after calving improves with increased energy density of
the prepartum ration.44–46 These improvements have been associated with trends
toward increased milk production, lowered milk fat percentage, and significant in-
creases in protein percentage and yield.45 The effect of increased energy density of
the prepartum diet, in particular increased fermentable carbohydrate concentration,
may in part be mediated through increased development of rumen papillae in
response to increased VFA production.47 The increased absorptive capacity of the
rumen may have reduced the risk of VFA accumulation and depression of rumen
pH and the subsequent risk of acidosis in response to the feeding of high concentrate
diets postpartum. Because adaptation and development of rumen papillae takes
between 3 and 6 weeks,48,49 the benefit of increasing exposure to a prepartum diet
high in fermentable carbohydrate is likely to be curvilinear. There are also likely to
be benefits associated with the prepartum adaptation of the rumen microflora to post-
partum diets high in concentrates.2 However, there is a challenge in controlling the
risks of metabolic disease, particularly lipid mobilization disorders should cows
become overconditioned. Overconditioning, however, is more a function of lactation
diets than those in the dry period.
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Acidosis

Part of the challenge is to provide diets appropriate to preparing the rumen for feeds of
greater energy density, but controlling weight, particularly lipid, gain. Adaptation to
feeds of higher energy density is important; in almost all production systems, there
is a marked increase in exposure to starches and sugars at the time of calving. These
increase the risk of acidosis, a relatively poorly understood condition. There are signif-
icant recent reviews and articles that advance our understanding of acidosis and the
definition of acidosis. Although measures of rumen pH are often used for diagnosis,
inconsistencies in cut-off thresholds that define acidosis severity have created confu-
sion in the definition of acidosis.50–52 Studies and definitions of acidosis based on area
under the curve estimates of pH are likely sound; these have largely been conducted
on limited numbers of fistulated cattle, therefore production outcomes such as milk
production, weight gain for beef cattle, or lameness have not been associated with
the cut-off points. There is a lack of studies that relate ruminal conditions to outcomes
of acidosis or risk factors for acidosis, apart from diets deliberately designed to chal-
lenge rumen function; however, a few studies have provided a more detailed exami-
nation of acidosis based on large numbers of cattle. Bramley and colleagues,53

Morgante and colleagues,54 and O’Grady and colleagues55 sampled 800, 120, and
144 head of dairy cattle, respectively, and investigated associations between diets
and outcomes. All 3 studies provided similar findings of associations between low
ruminal pH and a ruminal environment in which the levels of total VFA were increased,
but propionate and valerate were particularly increased. Bramley and colleagues53

found that approximately 10% of cows were in the group characterized by high
ruminal concentrations of propionate, acetate, butyrate, valerate, and lactic acid,
and low ammonia and pH, compared with other groups of cows. The least predictive
variables for this group were pH and lactic acid concentrations and the most predic-
tive were propionate and valerate concentrations. These cows had lower milk fat per-
centages and herds with a high prevalence of acidotic cows had a higher prevalence
of lameness and diets lower in neutral detergent fiber and higher in nonfiber carbohy-
drates, suggesting that the categorization of these cows was sound.
It is unsurprising that pH was a poor predictive variable for acidosis in the field; the

rumen is not homogeneous. Samples obtained by stomach tube, probably from the
dorsal sac of the rumen, differ from those obtained using rumenocentesis by approx-
imately 0.5 pH and are poorly related with r2 of 0.2.53 Golder and colleagues56 exam-
ined the cut-off points for optimal sensitivity and specificity of use of rumen pH
obtained using stomach tube or rumenocentesis in predicting acidosis. The optimal
cut-off points for prediction of acidosis were less than 6.6 and less than 6.0 for stom-
ach tube and rumenocentesis pH, respectively; however, neither provided a satis-
factory test for acidosis, which was defined using the method of Bramley and
colleagues.53 The stomach tube pH had a sensitivity of 0.80 and a specificity of
0.76 and rumenocentesis pH had a sensitivity of 0.74 and a specificity of 0.79. It is
likely, however, that testing groups of cows for pH less than 5.5, as advocated by Gar-
rett and colleagues,57 provides a satisfactory indicator of acidosis at the herd level.
The authors hypothesize that acidosis occurs along a continuum of ruminal condi-

tions from subacute to peracute with different expressions of risk of acidosis reflecting
the substrates available to the rumen. Similarly, it can be hypothesized that the risk of
acidosis will vary depending on the length of exposure to rapidly fermentable diets,
preformed acids in silage, and the type of fermentable substrate.
There are marked substrate differences in the risk of lactic acid generation and VFA

production.51,56 Simply, VFA and lactic acid formation is much more influenced by
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rapidly fermented substrates such as sugars rather than starches. Therefore, inclusion
rates for starch and sugars should be considered separately; however, the recommen-
dations in Table 3 are preliminary.

Protein Reserves: Body Condition

The importance of mobilized tissue protein as a source of amino acids for mammary
metabolism and gluconeogenesis may be relatively small over the period from calving
to peak lactation,58 but is important in the first 1 to 2 weeks of lactation.9 A reduction in
skeletal muscle fiber diameter of 25%was observed immediately after calving59 and a
decline in the ratio of muscle protein to DNA was found in ewes during early lacta-
tion.60 These findings support the concept that skeletal muscle is an important source
of endogenous amino acids in early lactation. This hypothesis that improved protein
and energy balance improves subsequent production is supported to some extent
by the trend toward proportionally higher milk and protein yields in response to
increasing days of exposure to a BioChlor-based (Church and Dwight, NJ) prepartum
transition diet in younger cows, which are likely to have a greater energy and protein
requirement to support growth (DeGaris, personal communication, 2010).

Table 3
Targets for diets: far off, transition, and fresh cows (first 40 days)

Diet Composition (% Dry Matter) Dry Cows Transition Cows Fresh Cows

DMIa 1.75–2 2%–2.5% 3 to 41

Neutral detergent fiber (NDF) (%) >36 >36 >32

Physically effective NDF (%) 30 25–30 >19

Crude protein (CP) (%) >12 14–16 16–19

Degradability of CP (%) 80 65–70 65–70

Estimated energy MCal (Nel)/kg
MJ (ME)/kg

1.5 (1.33)a

10 (9)a
1.65
11

1.73–1.8
11.5–12

Estimated Nel (MCal/lb) 0.66 (0.60) 0.73 0.76–0.79

Starch (%) Up to 18 16–20 24–26

Sugar (%) Up to 4 4–6 6–8

Ether extract (%) 3 4–5 4–5

Calcium (%) 0.4 0.4–0.5 0.8–1.0

Phosphorus (%) 0.25 0.25 0.4

Magnesium (%) 0.3 0.45 0.3

DCAD (mEq/100 g) 0–25 �10 25–40

Selenium (mg/kg) 3 3 3

Copper (mg/kg) 10 15 20

Zinc (mg/kg) 40 48 48

Manganese (mg/kg) 12 15 15

Iodine (mg/kg) 0.6 0.6 0.6

Vitamin A (IU/kg) 2000 3200 3200

Vitamin D (IU/kg) 1000 2500 2500

Vitamin E (IU/kg) 15 30 15

Abbreviations: DCAD, dietary cation-anion difference; ME, metabolizable energy; Nel, net energy
at lactation.

a Energy intake and content that is desirable varies with body condition.
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Estimates of body protein reserves mobilized at calving are 25% to 27% of total
body protein in a dairy cow, approximately 10 to 17 kg total.61–63 Belyea and col-
leagues61 noted that there was a significant variation in the abilities of cows to mobilize
protein. Bell9 estimated that a metabolizable protein (MP) deficit over 23 days after
calving would be nearly 7 kg without accounting for gluconeogenic costs, and
12.5 kg with gluconeogenic costs included. These values seem consistent with previ-
ous studies. If 10 kg of protein was lost from muscle, this would equate to a loss of
around 60 kg of muscle mass.
The proteins and ultimately amino acids mobilized are used for mammary milk pro-

tein synthesis and for gluconeogenesis in the liver to support lactation. It seems that
the rates of mobilization of fat and protein are similar,64,65 but there has been little
recent work on the amounts of labile fat and protein in body tissue despite this being
an important area of physiology. Given the amounts of body weight lost after calving,
especially in cows of high body condition, we can be confident that the lipid reserves
of these cows exceed the protein reserves. Vandehaar and St Pierre66 highlighted the
partitioning of energy to body weight observed by Oba and Allen67 when lower neutral
detergent fiber (NDF) diets were fed. It can be hypothesized that cattle exposed to
such diets and achieving higher BCS will have greater start-up milk, but the internal
flux of nutrients provided from tissue mobilization has a higher ratio, and almost
certainly greater amounts of lipid compared with protein.
In summary, it is likely that the amount of labile protein is an important determinant

of health. We can use a working assumption that diets that do not meet the MP needs
of cattle and exceed energy needs in a previous lactation may place cows at greater
risk of metabolic disorder.

Protein Intake Before Calving

Studies investigating optimal concentrations of dietary protein in prepartum diets have
focused on crude protein (CP) content,68–71 rumen degradable or rumen undegrad-
able fractions in the diet,69–72 but have not considered in depth the potential for
ruminal microbial protein synthesis or MP balance. It has been suggested that by
increasing prepartum protein body tissue reserves, the transition cow can better
use these reserves after calving to support lactation and minimize metabolic disor-
ders,7,73 an effect possibly mediated through increased labile protein reserves. To
examine the data in a systematic way, the authors conducted a meta-analysis of
studies that have altered the protein content of feeds before calving. Briefly, a litera-
ture search of databases was conducted and the diets from 11 studies containing
26 comparisons were extracted. The following information was extracted: authors,
year of publication, journal, study design, control and test protein levels, days before
calving that the trial started and days in milk at trial end, rumen undegradable percent-
ages, breed, number of milkings per day, feeding type, housing, parity, number
of cows in control and treatment groups, DMI, milk yield (kg/cow/d), milk fat yield
(kg/cow/d), milk fat percentage, milk protein yield (kg/cow/d), milk protein percentage,
fat corrected milk and level corrected for energy corrected milk, average body weight,
and measures of variance (standard error).
Fig. 2 displays a Forest plot of milk production results. In this plot, studies are iden-

tified and the size of the box is proportional to the weighting of the study within the
meta-analysis. The extremities of the horizontal lines represent the 95% confidence
intervals of the results for each comparison and diamonds represent the overall esti-
mates using a fixed effect model using the inverse variance method (I-V Overall), and a
random effects model using the inverse variance method of DerSimonan and Laird
(D 1 L Overall). The results were homogeneous but were not significant, indicating
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that milk production was not increased with increased CP in the precalving diet.
Further work is needed to evaluate these responses in terms of MP. A preliminary
meta-analysis8 found no relationship between MP yield and subsequent milk produc-
tion, however the current database is larger and this matter will be revisited. A key
consideration is that simply increasing CPmay not increaseMP and increasing the fer-
mentability of the diet with starch may yield more MP than perhaps that achieved by
increasing CP or even undegradable protein.
Nonetheless, prepartum diets with positive MP and energy balances may increase

subsequent milk production by providing adequate substrate for fetal and mammary
development. McNeil and colleagues74 fed ewes in late gestation diets to meet esti-
mated energy requirements and variable CP content (8%, 12%, and 15% CP).
Ewes fed the low CP diet had fetuses nearly 20% less in weight compared with
ewes fed the higher CP diet. Fetal weights were not different between the 12% and
15% CP diets, yet the ewes receiving the 12% CP diet lost maternal skeletal protein
similar to the ewes fed the 8% CP diet. These data suggest some capacity exists for
the placenta to sustain amino acid delivery to the fetus, but it is not unlimited in the
face of more severe or sustained dietary protein insufficiency. Mammary development
was greater in ewes on the higher CP diets. Similarly, increased BCS at calving,
reflecting improved body tissue reserves, increased subsequent milk production.19,75

Data on the effect of prepartum protein on subsequent reproduction and health is
scant. Overconditioned (>3.75 BCS) mature Holstein cows fed additional protein pre-
partum from animal protein bypass sources had decreased prevalence of ketosis and
less health disorders.76 These supplemented cows also had improved reproductive
performance, similar to the effects seen in primiparous cows supplemented with addi-
tional bypass protein.77 Better health was also observed in cows fed additional bypass
protein or supplementation with rumen-protected methionine and lysine supplements
prepartum until early lactation.78 Increasing time exposure to a prepartum transition
diet was found to improve the reproductive performance and health of cows in a graz-
ing system.79 Improved reproduction may result directly from protein status effects on
oocyte development or quality, or may be secondary to decreased postpartum dis-
ease events or improved body condition and protein reserve status.
Mature cows fed a higher protein diet (14%CP) prepartumwith supplemental methi-

onine lost less body protein and had increased body fat in early lactation compared
with cows consuming a diet with lower protein (11%CP).80 Insulin is the primary medi-
ator of nutrient use and its status and tissue sensitivity have been implicated in both
disease risk and impaired reproduction. The revised quantitative insulin sensitivity
check index (RQUICKI) calculation is a function of insulin, glucose, and NEFA concen-
trations and is inversely related to BCS.81 Feeding additional bypass protein to dry
mature cows increased RQUICKI values relative to BCS or score change82 and values
increased for mature cows fed balanced protein fractions in the diet compared with
cows consuming a diet high in degradable protein.83 Not all studies supplementing
protein in prepartum diets have observed effects on health or reproduction; differences
in dietary treatments, exposure time, protein source and amino acid balance, manage-
ment factors, and many other interactions may have influences on this outcome.
Despite many anecdotal observations of increased calf birth weight and dystocia

problems with increasing prepartum protein supplementation, controlled studies do
not support a cause-and-effect response.84 No differences in calf birth weights were
seen when dairy heifers were fed protein in excess of prepartum NRC (National
Research Council) recommendations.77 Feeding additional protein (12% vs 14% CP)
during the dry period did not increase calf birth weight (44.5 vs 42.2 kg) in mature
Holstein cows.76 However, heavier birth weights (47.1 kg) were observed in another
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-0.39 (-1.42, 0.64)

-0.01 (-0.73, 0.70)

-0.58 (-1.93, 0.77)

0.07 (-0.65, 0.78)

0.10 (-0.44, 0.63)

0.32 (-0.54, 1.18)

-0.37 (-1.24, 0.49)

0.36 (-0.50, 1.23)

0.60 (-0.82, 2.03)

1.17 (0.51, 1.82)

SMD (95% CI)

0.72 (-0.57, 2.01)

-0.31 (-1.22, 0.59)

-0.18 (-0.89, 0.54)
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24, 35.9 (3.72)

N, mean
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24, 35.9 (3.72)
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group of mature Holstein cows with prolonged dry periods (>75 days) fed a low protein
(9%CP) diet initially followed by a high protein (15%CP) diet during the last 4 weeks of
gestation.76 Sheep studies suggest thatmid-gestation nutrition has greater potential to
alter calf birth weight.85

Few studies have found prepartum dietary effects on colostrum quality. Greater
immunoglobulin concentration in colostrum was observed in cows fed moderate
(12% CP) or higher (14% CP) protein diets that contained animal product bypass pro-
tein sources compared with cows consuming a prepartum diet without supplemental
bypass sources.76 These immunoglobulin concentration differences in colostrum
were the opposite of immunoglobulin concentrations measured in maternal serum
over the last 4 weeks before calving. These observations might suggest an amino
acid role in the transfer of immunoglobulins from maternal serum to colostrum.
In summary, excellent physiologic data suggest a need for diets that contain good

levels of MP. The authors formulate diets that meet or exceed the MP requirements of
CPM Dairy (Version 3.09). These diets require 14% to 16% CP and adequate starch
and sugar as defined later (see Table 3).

Amino Acids

The balance and ratios of specific absorbed amino acids are of importance to produc-
tion.86,87 Methionine and lysine are often considered the first rate-limiting amino acids
in support of lactation across a range of diets for dairy cows.88 It is often assumed that
methionine and lysine are also limiting amino acids for pregnancy, although no studies
have validated this hypothesis. Methionine was added for the last 2 weeks of preg-
nancy for cows on high protein diets with bypass protein (39.6%CP) from animal sour-
ces and improved methionine availability to peripheral tissues was observed.89 The
investigators suggested that high bypass protein diets fed prepartum may restrict
the contribution of microbial protein to MP. Histidine has been identified as a limiting
amino acid, especially when most of the MP is derived from microbial protein.90

Typical formulations for prepartum diets coupled with declining intake would result
in microbial protein supplying more than 60% of MP delivered to the intestine.

Fig. 2. Forrest plot of the standardized mean difference of the effect of prepartum CP levels
on postpartum milk production. Box size is proportional to the inverse variance of the esti-
mates. The orange dot is the standardized mean difference or effect size of the trial. The hor-
izontal lines represent the 95% confidence interval for the effect size. The solid vertical gray
line represents a mean difference of zero or no effect. The diamonds represent the summary
estimates using the fixed effect model (I-V overall) and the random effects model (D1L over-
all). The estimated predictive interval is of a future trial using the estimate of heterogeneity
from the inverse variance effects. The figure shows that there was a positive but nonsignifi-
cant effect of changes in CP percentage in the diet fed before calving on postcalvingmilk pro-
duction. Author refers to the first author and year of the publication. CP-c and CP-t refer to
the CP content of rations in the control and treatment groups. DIM refers to days inmilk. SMD
is the standardized mean difference (standardized using the z-statistic). Thus, points to the
left of the line represent a reduction in the parameter, whereas points to the right of the
line indicate an increase. Each square represents the mean effect size for that study. The up-
per and lower limit of the line connected to the square represents the upper and lower 95%
confidence interval for the effect size. The size of the square reflects the relativeweighting of
the study to the overall effect size estimate with larger squares representing greater weight.
The dotted vertical line represents the overall effect size estimate. The diamond at the bot-
tom represents the 95% confidence interval for the overall estimate. The solid vertical line
represents a mean difference of zero or no effect.
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The role of amino acid balance in peripartum diets has been studied intensively, al-
though most emphasis has been placed on postpartum dietary effects relative to milk
yield and component responses. Responses to rumen-protected methionine, lysine,
or both in postpartumdiets havebeen variable.91Modestmilk yield and true protein yield
responses aremore often associated with methionine supplementation and in diets that
may be marginal in meeting MP requirements.92,93 The methionine response may be a
result of its ability to support gluconeogenesis and liver fat transport compared with
lysine. Variability in study findings may be attributed to confounding effects of dietary
energy density (ie, microbial protein contribution), prepartum and postpartum protein
content, DMI, and their interactions relative to potential response to amino acid supple-
mentation. Study design can influence interpretation; the results of short-term Latin
Square studies may be influenced by the cow’s ability to mobilize body protein to
mask treatment effects. Longer-term supplementation trials may minimize this impact.
This effect is further complicated by prepartum dietary protein content and its effect
on labile protein availability after calving. Higher prepartum protein diets lessened the
impact of dietary proteinmanipulations after calving,94whereas lower prepartumprotein
diets accentuated theaminoacid response.72 In formulatingpostpartumdiets, emphasis
should be placed on providing sufficient MP with a balanced amino acid profile.
In summary, cows require amino acids. The balance needed is determined by their

physiologic state. There is evidence for balancing diets for amino acids in support of
early lactation, but less evidence for diets before calving. We recommend that prepar-
tum diets should be formulated to meet or exceed MP requirements (CPM Version
3.09). The use of supplemental amino acids requires further study.

An alternative prepartum nutritional strategy

Although study results from Bertrics and colleagues26 suggested that greater feed intake could
reduce NEFAmobilization and decrease the risk for hepatic fatty infiltration, other studies indi-
cated moderate feed intake could also show similar positive postpartum responses.44,95–97

Cows moderately restricted in feed intake (80% of energy requirement) had lower NEFA con-
centrations precalving, less hepatic fat content, and greater postpartum intake. Ensuing
studies suggested that energy consumption in the early dry period (>30 days before expected
calving) also had significant effects on postpartum health and lactational performance.96,98–101

Excessive energy intake may predispose the cow to greater maternal tissue insulin insensitivity
coupled with the decline in physiologic insulin concentration that occurs just before calving,
thus permitting more exaggerated NEFA mobilization and subsequent metabolic derange-
ments. From these observations, a feeding management approach controlling total energy
consumed and moderately restricting intake throughout the prepartum period has been
advocated.102

The aim of these diets is to provide sufficient energy to meet daily needs and not supply exces-
sive energy intake relative to NRC (2001) requirements.88 Cereal straw forage or mature grass
hay is used to dilute dietary energy provided from other more energy dense ingredients. These
diets are typically corn silage based. Use of lactation-diet feed ingredients can be achieved by
the dilution, allowing for easy adaptation to postpartum diets. Wheat straw is preferred
because of its consistency and better NDF digestibility compared with other straw products.
The bulking ingredient is used to allow for ad libitum intake rather than management
attempting restricted intake. To be successful, the bulking ingredient should be properly incor-
porated into the diet and not fed separately. To ensure intake and to minimize sorting, the hay
or straw should be chopped to achieve a consistent particle size of 4 to 6 cm (1.5–2 in). The
straw or hay should be of high quality and palatable. An important aspect of the success of
a controlled energy diet is ensuring adequate protein intake. Drackley and Janovick102 recom-
mend supplying more than 1000 g ofMP, which can be achieved in diets formulated for 12% to
14% CP. To achieve postruminal delivery of this amount of MP, some bypass product sources of
bypass protein will need to be included in the diet.
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Intake of Fats

Perhaps the most rapidly developing area of ruminant nutrition is that of fat nutrition.
Recent understandings of the role of fats in metabolism open new avenues to
improving metabolism, health, and reproduction in cattle. Studies have identified sub-
stantial potential for milk fats, including the conjugated linoleic acids (CLA), to posi-
tively influence human health105 and along with this, increased understanding of the
mechanisms by which different specific fatty acids in milk are generated. Critically,
there is an increased awareness of the potential for specific dietary fats to improve
health production and fertility. Vast differences (up to 15 standard deviations) in milk
production and composition responses to different commonly used fats are
observed.106

Lean and Rabiee107 noted that there is a striking difference in the ration of lipid
intake to milk yield for North American cows compared with Australasian cows; it
can be estimated that lipid intake for North American cattle is about 15.5 g/L versus
20 to 22 g/L for the Australasian cows. Furthermore, for essential fatty acid (C18:2
and C18:3) intake at the duodenum, ratios are 0.7 g/L versus 1.4 to 1.6 g/L, respec-
tively, or approximately half. These findings suggest support for the numerous pivotal
roles identified for lipids in reproductive metabolism.108,109

Linoleic (C18:2) and linolenic fatty acids (C18:3) are classified as essential fatty
acids and must be supplied in the diet, because the double bonds between the
D-9-carbon and the terminal methyl group of the fatty acids cannot be produced
by cattle. Roles for fatty acids include precursors for reproductive hormones (eg,
prostaglandins), in membrane structures as phospholipids, and in immune function.
The optimal requirement for 15% to 25% of energy being supplied as lipogenic pre-
cursors (or about 8% long-chain fatty acids in the diet) for efficient milk production
was described.110

Although feeding fats during the prepartum and immediate postpartum period has
not traditionally been recommended111 because of the potential to reduce DMI, partic-
ularly in heifers,42 there are now many studies in which beneficial effects have been

Use of controlled energy diets should be perceived as a complete dry cow program.102 The use
of straw typically controls dietary potassium concentration, thus reducing the risk of disrup-
ted calcium homeostasis. Application of these diets in the field supports the contention that
these diets can be successfully fed as single dry cow group systems, thus reducing some pen
changes during transition. Research and field experience with these diets suggests reduced
postpartum disease problems and potentially improved reproductive performance.96,98,101,103

Similar health and production responses were seen in a series of studies using grass hay or
wheat straw feeding either ad libitum or restricted.104 Van Saun76 used similarly formulated
high fiber diets, but in a 2 group dry cow feeding program. Diets were formulated to provide
either 1100 or 1300 g of MP per day to multiparous cows. Although the study cows were
generally overconditioned (BCS >3.75/5), similar positive effects on health and reproduction
were observed.

In summary, a key factor with prepartum DMI is to optimize intake in an effort to minimize any
dramatic decline in intake just before calving. Significant intake declines stimulate greater
NEFA mobilization, which adversely affects critical metabolic adaptations to lactation.
Differing dry cow diet feeding strategies have been applied in the field with similar success,
suggesting that other factors beyond nutrient content need to be considered. Grouping stra-
tegies, pen movements, environmental stressors, and feeding management play significant
roles in the success or failure of any given dry cow feeding strategy.
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observed.112–115 These included a reduction in liver triglyceride accumulation112 and
levels of NEFA113 in the immediate postpartum period and improved pregnancy
rates.116 Inclusion of fat in the diet may increase serum cholesterol concentra-
tions,117,118 a factor associated with better fertility. Westwood and colleagues43 found
that higher concentrations of plasma cholesterol were associated with a shorter inter-
val from calving to conception, with greater probabilities of conception and successful
pregnancy by day 150 of lactation, a finding consistent with those of Kappel and col-
leagues119 and Ruegg and colleagues,120 who found associations between choles-
terol concentrations and fertility measures. Similarly, Moss121 found that low blood
cholesterol concentrations at mating were strongly associated with conception failure.
However, fat feeding has a variable impact on the reproductive performance of
lactating dairy cows with some positive122–126 and some negative reports.123,127,128

Reviews109,129 have indicated that the effect of supplemental C18:2 from oil seeds
and CaLCFA on fertility varied significantly, but suggest that supply of C18:2,
C18:3, eicosapentaenoic acid (C20:5), and docosahexaenoic acid (C22:6) in forms
that reach the lower gut, may have more profound effects on fertility.
Von Soosten and colleagues130 elegantly explored the effects of protected CLA

compared with a stearic acid–based fat supplement on tissue mobilization in a serial
slaughter study. Overall, a trend for decreased body mass mobilization suggested a
protective effect of CLA supplementation on the use of body reserves within 42
days in milk (DIM). Continuous CLA supplementation until 105 DIM increased body
protein accretion. These effects suggested a more efficient use of metabolizable en-
ergy in CLA-supplemented early lactation dairy cows; an effect of ruminally protected
fats not based solely on palm oil was identified independently in the meta-analysis of
Rabiee and colleagues.106

The fat and fertility data require more research studies and meta-analytical evalua-
tion that will include an evaluation of fat sources used and amounts and ratios of spe-
cific fats fed to elucidate the optimal approaches. However, de Veth and colleagues115

demonstrated marked improvements (median time to conception was decreased by
34 days to 117 vs 151 DIM) in the fertility of cattle fed a ruminally protected CLA
compared with cows not receiving the fat. Thatcher and colleagues109 also found pos-
itive effects of supplementation with ruminally protected CLA and palm fatty acids on
reproduction and health. Linolenic acid (C18:3) predominates in forage lipids,131 how-
ever, concentrations of linoleic acid (C18:2) are also high in some pastures. It is
possible that this and high digesta flow rates for cows on high-quality pasture diets
may, in part, explain some of the differences in reproductive performance achieved
in well-fed and well-managed pastured herds compared with NA (North American)
herds. Data from Kay and colleagues132 show that around 90% of cis-9, trans-11
CLA in milk is derived by endogenous synthesis of fats in fresh pasture. Studies in
Ireland133 found positive trends to a lower services per conception, but little overall ef-
fect of supplementation with protected CLA on fertility in cows on pasture, a finding
consistent with the suggestions of Lean and Rabiee107 that at least some of the differ-
ences in fertility of cows on pasture-based diets and those on total mixed ration diets
may reflect the CLA generated from pasture.
In summary, fat supplements can improve energy balance, reduce the risk of meta-

bolic diseases such as ketosis, and crucially allow energy density to be maintained in
diets without increased dependence on rapidly fermentable carbohydrates. Evidence
is increasing of a positive role for CLA, fed either as protected fats or derived from
pasture in retaining body tissue after calving and improving fertility. Feeding fats in
transition is an essential component of an integrated response to the challenges of
needing to control tissue mobilization.
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OTHER INTERVENTIONS
Somatotropin

Two actions of somatotropin increase the potential for rBST to improve periparturient
health. The diabetogenic action of somatotropin, which decreases the sensitivity of
peripheral tissues to insulin and increases blood glucose concentrations, increases
the potential for treatment precalving to reduce the risk of ketosis. Administration of
rBST to lactating cows is associated with insulin release134 and liver function is also
altered in cows treated with rBST resulting in increased gluconeogenesis.135 Putnam
and colleagues70 fed cows 2 rations that differed in CP concentration (13.3% vs
17.8%) and treated cows with rBST every 14 days from 28 days before anticipated
calving until parturition in a factorial study. Glucose concentrations tended to increase
(P 5 .08) and the point directions were toward a decrease in NEFA and BHB concen-
trations for the rBST-treated cows both before and after calving. The rBST treatment
significantly decreased concentrations of BHB before calving. Gulay and col-
leagues136,137 found similar increases in glucose concentrations but NEFA concentra-
tions were increased in cows treated with low doses of rBST before and after calving.
A second action is altered partitioning of nutrients in cows treated during a previous

lactation. Lean and colleagues138 treated 3 groups of cattle with different doses of
rBST (17.2, 51.6 and 86 mg/d, respectively) during a previous lactation and found
higher blood glucose, lower BHB, and lower NEFA concentrations in the treated cattle
after calving. There are limited data to support routine use of rBST precalving to pre-
vent lipid-related disorders but fundamental modes of action suggest a potential for
benefit. Changes in body composition from rBST treatment in a previous lactation
seem to be positive for health.

Methyl Donors

Hepatic fatty infiltration is an expected consequence of body lipid mobilization around
the time of calving.59,139 Excessive hepatic lipidosis results from an interaction be-
tween negative energy balance and acute phase inflammatory response, which re-
duces apoprotein synthesis, and is a significant precondition for many periparturient
disease entities.140 A limited supply of methionine and lysine may reduce production
of very low density lipoprotein (VLDL) and predispose to hepatic lipidosis.141,142

Choline and methionine metabolism are closely related and a significant percentage
of methionine is used for choline synthesis.143 Choline, a methyl donor and constituent
of phosphatidylcholine, facilitates hepatic lipid export by increasing VLDL formation.
Choline and methionine have interchangeable functions as methyl donors and may
partially replace or spare the other.144 Another methyl donor intermediate is betaine,
an oxidative product of choline; recent research has not shown a beneficial response
to its use in replacing methionine.145

Cows afflicted with either ketosis or hepatic lipidosis had lower serum apoproteins
associated with VLDL structures, suggesting an inability of the liver to export triglyc-
erides.146 Similar to niacin, choline is readily degraded in the rumen, therefore a
rumen-protected form is necessary for it to be efficacious when administered orally.147

Early studies feeding increasing amounts of rumen-protected choline (treatments
ranged from 0 to 20 g choline/d) showed a modest to no impact of choline on energy
balance and liver triglyceride measurements.148,149 In a controlled fatty liver induction
study, feeding 15 g of choline per day during the induction phase reduced blood NEFA
and liver triglyceride levels.150 Feeding 15 g choline per day after induction of fatty liver
tended to increase liver triglyceride clearance, which could contribute to improved
performance151 and health.152,153 Liver triglyceride levels were reduced and glycogen
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content increased when choline was fed at 25 and 50 g/d prepartum (21 days) and
postpartum (60 days), respectively.154 Other recent preliminary studies found no
response to choline supplementation, possibly attributed to lower BCSs and a lesser
risk for negative energy balance.155,156

There is growing evidence suggesting that choline is a limiting nutrient for the high-
producing dairy cow, especially around the time of calving.144,157 However, the time
frame of supplementation, dosage, BCS, dietary methionine status, and other factors
may influence the response observed. A pooled study of choline supplementation
before and after calving showed improved DMI and milk yield,157 whereas a pooled
analysis that included studies with only postpartum choline supplementation showed
minimal effects on intake, milk yield, and composition.158 There was no consistent
finding of choline response measures of energy balance or any mechanism to explain
the observed improvement in intake. If choline supplementation (15 g/d) starting pre-
partum can improve hepatic VLDL export and reduce fat accumulation, then improve-
ment in hepatic function should reduce disease risk and increase performance.

Rumen Modifiers

There are few data available that specifically address the use of rumenmodifiers, apart
from monensin, in the transition period. The ionophore, sodium monensin, is widely
used in dairy cattle production in the United States, Canada, Australasia, South Amer-
ica, South Africa. The effects of sodium monensin are primarily to increase ruminal
propionate production, reflecting an increase in propionate-producing bacteria
compared with those producing formate, acetate, lactate, and butyrate. There is a
concomitant decrease in methane production from the rumen and a sparing effect
on ruminal protein digestion.159–162 The effects of monensin on blood metabolites,
production, reproduction, and health were examined in a series of meta-ana-
lyses.163–165 Data were obtained from up 59 articles and, in some cases, nearly
10,000 cows to provide more precise estimates of effect and to understand the sour-
ces of variance in the effects of this intervention. Monensin use in lactating dairy cattle
significantly reduced blood concentrations of BHB by 13%, acetoacetate by 14%, and
NEFA by 7%. Monensin increased blood glucose by 3% and urea by 6% but had no
significant effect on cholesterol, calcium, milk urea, or insulin.
Monensin use in lactating dairy cattle significantly decreased DMI by 0.3 kg but

increased milk yield by 0.7 kg and improved milk production efficiency by 2.5%. Mon-
ensin decreased milk fat percentage 0.13% but had no effect on milk fat yield; how-
ever, there was significant heterogeneity between studies for both of these
responses. The percentage of milk protein was decreased by 0.03% but protein yield
increased by 0.016 kg/d with treatment. Monensin increased the BCS by 0.03 and
improved body weight change similarly (0.06 kg/d). These findings indicate a benefit
of monensin for improvingmilk production efficiency while maintaining body condition.
The effect of monensin on the percentage of milk fat and yield was influenced by diet.
Over all the trials analyzed,163 monensin decreased the risk of ketosis (relative risk

[RR]50.75), displacedabomasums (RR50.75), andmastitis (RR50.91).No significant
effects of monensin were found for milk fever, lameness, dystocia, retained placenta,
or metritis. Monensin had no effect on first-service conception risk (RR 5 0.97) or
days to pregnancy (hazard ratio 5 0.93). However, the effect of monensin on dystocia,
retained placenta, and metritis was variable. The causes of the variation were explored
with meta-regression, indicating that longer periods of treatment with monensin before
calving increased the risk of dystocia. Similarly, longer days of treatment before calving
also increased the risk of retainedplacenta. Improvements in ketosis, displaced aboma-
sums, and mastitis were achieved with monensin.
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In summary, monensin use increased milk and milk protein production and the effi-
ciency of production and reduced the risk of ketosis. Exposure to prolonged treatment
in the dry period with monensin may increase the risk of dystocia and retained
placenta, but treatment periods of around 3 weeks reduce the risk of these disorders.
Monensin use reduces the risks of lipid mobilization disorders.

TOXINS
Endophyte Alkaloids and Other Mycotoxins

The effects of mycotoxins on cattle health in general have been documented and
reviewed166,167 but there are limited data on their effects specifically during the tran-
sition period when there is the potential for exacerbation of many of the challenges to
successful adaptation to lactation.168 The key effects of mycotoxins that may exacer-
bate the challenges faced during the transition period are altered rumen function,
reduction in DMI, immunosuppression, and hepatotoxicity.
The rumen microflora and fauna provide an important first line of defense against

some mycotoxins.169 Orachatoxin, deoxynivalenol (DON), and, to a lesser extent, afla-
toxin are metabolized to less toxic compounds in the rumen. Other mycotoxins seem
to be unaffected by the rumen environment; fumonsins pass through the rumen virtu-
ally unchanged.170 In contrast, zearalenone is metabolized to the more toxic a-zeara-
lenol in the rumen.169 Any alteration in rumen function is likely to increase the rate of
ruminal bypass and intestinal absorption of mycotoxins usually detoxified by the
rumen microbial flora and fauna.
Several mycotoxins have the ability to directly damage the rumen microbial mass.

Patullin has an antibiotic activity against gram-positive and gram-negative bacteria
as well as protozoa and has been shown to reduce cellulolysis of alfalfa hay, VFA pro-
duction, and microbial protein synthesis.171,172 The fusarium toxins, beauvericin and
enniatin, also have an antibiotic effect against gram-positive bacteria and Myco-
plasma spp.173

Ruminal acidosis may reduce the ability of the rumen to detoxify some mycotoxins.
Sheep fed grain-based diets are less able to detoxify orachatoxin than those fed hay-
based diets,174 and cattle with subacute ruminal acidosis may be less able to detoxify
DON.168

Any mycotoxicosis resulting in reduced rumen function or systemic disease will
likely reduce DMI. Feed refusal of moldy feeds because of taste aversion is likely
caused by contamination with microbial volatile organic compounds,168 consisting
of a wide range of volatile chemicals that are unpalatable to most species. The aerobic
deterioration of ensiled feeds poses a particular risk. Bolsen and colleagues175

demonstrated significant decreases in DMI as well as apparent digestibility of dry mat-
ter, organic matter, and NDF in cattle fed silage that consisted of 25% aerobically
surface-spoiled silage. In addition, the investigators noted that rumen fiber mats in
treated cattle were either partially or totally destroyed.
The immunosuppressive effects of many of the mycotoxins have long been recog-

nizedwith even subclinical doses impairing theactivity ofBandT lymphocytes, antibody
production, and macrophage and neutrophil function. Aflatoxins and trichothecenes
can inhibit chemotaxis and phagocytosis of bovine neutrophils and macrophages,176

and aflatoxins inhibit lymphoid cell proliferation and associated cytokines.167 There is
also evidence of synergistic inhibition of the immune system between aflatoxin and
T-2 toxin.177

Several mycotoxins have been shown to be hepatotoxic. Sporodesmin, produced
by Pithomyces chartarum growing in dead and decaying pastures during late summer
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and early autumn, causes facial eczema. This disease, mainly seen in the southern
hemisphere, is characterized by hepatic photosensitization, reduced milk production,
reproductive failure, and increased culling, particularly in cattle affected in the late dry
period or early lactation. A negative effect on milk yield has been demonstrated in cat-
tle treated with subclinical doses of sporodesmin.178

Perennial rye grasses may be high in the endophyte alkaloids ergovaline and lolit-
reme (and others). The presence of these alkaloids at increased levels may have
extensive effects on production, reproduction, and the health of dairy cattle.179

Although no studies have examined the effect of these alkaloids on cattle when fed
specifically during the peripartum period, there are many potential pathways whereby
a negative effect on subsequent productivity may be exerted. Random surveys of pas-
tures in southwest Victoria, Australia, found levels of alkaloids in excess of those
required to cause disease in cattle in approximately 30% of samples.180

In summary, despite the lack of specific data pertaining to the transition period,
many mycotoxins have the potential to increase the risk of a poor transition. The au-
thors, therefore, stress the need for careful attention to the state of silages used in the
transition and the avoidance of poor feed quality. Even brief periods of inappetance
pose a substantial health risk during transition.

RECOMMENDATIONS AND SUMMARY

Our recommendations for the diets are outlined in Table 3 and in the companion
article on minerals in this issue. Some of our recommendations will be refined by
more work, particularly with regard to the role of protein nutrition over the gestation
interval. There is a need to review the role of MP intake in the dry period on production,
fertility, and health. The recent work on fat nutrition is clearly showing that fats are both
powerful and different in their actions. The recommendations on these will be refined,
as will specific recommendation for fiber and intake of nonfiber carbohydrate
fractions.
In summary, dietary strategies should

� Ensure good protein stores (indicator BCS at calving >3.35/5)
� Avoid excessive adiposity (indicator BCS at calving <3.5) and
� Avoid abrupt dietary change to starch and sugars (starch 16%–20% before
calving, 24%–26% after calving; sugars 4% before calving and 8% after calving)

� Provide high-quality proteins before and after calving (ie, positive MP diets)
� Avoid feed sources with spoilage (eg, silages that can put cows off feed)
� Use fats in transition diets, particularly ruminally protected CLA, unless pasture
intakes are high

When combined with sensible mineral and dietary cation-anion difference strate-
gies, these recommendations should result in better outcomes for cows and farmers.
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Mineral and Antioxidant
Management of Transition Dairy
Cows

Ian J. Lean, BVSc, DVSc, PhD, MANZCVSa,*,
Robert Van Saun, DVM, MS, PhDb, Peter J. DeGaris, BVSc (Hons), PhDc

INTRODUCTION

Although controlling disorders of macromineral metabolism, and in particular milk
fever, forms a small part of the overall management of the transition cow, it is often
the focus at a producer level. As a result, it is critical to ensure that any transition
cow program is effective in controlling macromineral disorders. Further, recent devel-
opments in understanding of the role of calcium in metabolism and bone as an inte-
grator of metabolism reinforce the need to ensure that there is careful attention to
calcium metabolism. The concept of milk fever and hypocalcemia being central to
the interactions of other diseases has been well understood since the pivotal studies
of Curtis and colleagues.1 Recent understandings of the role of bone in integrated
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KEY POINTS

� Effective transition management requires an integrated approach to nutritional and envi-
ronmental management to provide cows with freedom from rumen disruption, mineral
deficiencies, immunosuppression, disorders of lipid metabolism, and other forms of stress
(eg, toxic feeds, social disruption).

� The skeleton is an important regulator of energy and protein metabolism.

� Although calcium is pivotal in the pathogenesis of milk fever, the most significant factor
influencing risk of milk fever is the magnesium content of the diet.

� Vitamin and mineral status of cattle should not be considered in isolation from other
antioxidants or from the level of oxidative challenge. Adequacy is a function of these in-
teractions, not just a single vitamin or mineral, and increased concentrations of 1 of these
may also not be better.
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metabolism (reviewed later) provide a basis on which to understand the gateway role
of milk fever in other disorders and reproduction.
The pathophysiology of hypocalcemia and dietary manipulations to control the risk

of milk fever have been extensively reviewed,2–5 and insights from these reviews are
incorporated in this article. Further, the understanding that transition management
needs to be fully integrated to be effective6 is discussed in the context of review of a
study that integrated these priniciples.7–9 Micronutrient needs are addressed in the
context of vulnerability of cattle to oxidative stress and inflammatory disorders. This
article concludes with a series of practical approaches to improving transition diets.

Milk Fever Control

The following recommendations for the dietary control of hypocalcemia are based on
4 meta-analyses examining factors influencing the risk of milk fever.10–13 These meta-
analyses showed that the risk of milk fever can be predicted from dietary levels of cal-
cium, magnesium, phosphorus, dietary cation-anion difference (DCAD) (as calculated
by [Na1 1 K1] � [Cl� 1 S2�]), breed of cattle, and duration of exposure to the diet. To
effectively prevent these disorders, careful attention is needed to concentrations of
calcium, magnesium, and phosphorus as well as the DCAD of the prepartum diet
(Table 1).

DCAD

The DCAD theory of milk fever prevention has its basis in the strong ion model of acid:
base balance,14 modified in the 1980s15 and simplified in the late 1990s.16 Some
contention still exists regarding the most appropriate equation for predicting DCAD.
Charbonneau and colleagues13 preferred the equation (Na1 1 K1) � (Cl� 1 0.6 S2�)
on the basis that it was the best equation at predicting blood pH, whereas DeGaris
and Lean3 preferred the equation (Na1 1 K1) � (Cl� 1 S2�), because the equations
were equivalent for predicting the risk of milk fever. Given that the equations are equiv-
alent for predicting milk fever, we recommend use of the latter and more simple
equation.
The simplified strong ion model17 to predict plasma pH is:

pH5pK0
1 1 log

½SID1� � Ka½ATOT�=ðKa 110�pHÞ
S � pco2

where pK0
1 is the ion product of water, Ka is the effective equilibrium disassociation

constant for plasma nonvolatile weak acids, [SID1] is the strong ion difference,

Approach to transition management: correcting 1 area of challenge is not enough. Effective
solutions are derived from ensuring freedom from rumen disruption, mineral deficiencies,
immunosuppression, and disorders of lipid metabolism and that further other forms of stress
(eg, toxic feeds, social disruption) are reduced and cows are comfortable.

What is meta-analysis?: a form of study design that uses previous studies to provide a pooled
estimate of effect of an observation or intervention. Well-conducted meta-analyses are the
gold standard for assessing these effects and provide more precise estimates of the effect of
interventions. Ideally, these studies are based on randomized controlled studies.
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[ATOT] is the plasma nonvolatile weak acid concentration, S is the solubility of CO2 in
plasma, and pCO2 is the partial pressure of CO2 in plasma. The implication of this equa-
tion is that the major variable factor that can be readily influenced is the strong ion dif-
ference and prevention of milk fever involves, in part, the appropriate application of
DCAD theory to reduce the strong ion difference ([SID1]) by lowering plasma pH
and producing strong ion metabolic acidosis. This goal can be achieved by feeding
salts of the strong cations (CaCl2, CaSO4, MgCl2, MgSO4, NH4Cl, and (NH4)2SO4) or
acids of the anions (HCl and H2SO4). The strong cations Ca21, Mg21, and NH4

1 are
absorbed to a lesser extent from the gastrointestinal tract (GIT) than are the strong an-
ions Cl� and SO4

2�. The differential absorption results in a relative excess of absorbed
anions compared with absorbed cations lowering the [SID1] and subsequently plasma
pH. Because Na1 and K1 are absorbed with near 100% efficiency in the intestine,
NaCl and KCl have a net effect of zero on the [SID1].
Inducing a mild metabolic acidosis in the prepartum cow reduces milk fever risk

through changes in calcium metabolism. Numerous effects of decreasing or
increasing the DCAD of precalving diets have been reported. Among the effects
reported are:

� Metabolic acidosis in goats18,19 and cattle20

� Decreased renal sensitivity to parathyroid hormone (PTH) in cows fed a strongly
positive DCAD precalving diet20,21

� Enhanced renal production of 1,25(OH) vitamin D3 in response to a low-DCAD
precalving diet20,21

� Increased responsiveness of target tissues to 1,25(OH) vitamin D3 associated
with increased calcium absorption from the intestinal tract22

Table 1
Logistic meta-regression analysis of the dietary components and variables that predict the
incidence of milk fever (random effects model)

Predictor Variable Coefficient Standard Error P Value Odds Ratio
95% Confidence
Interval

Constant �5.76 1.028 0.001 0.003 0.001–0.024

Breed 1a 0.86 0.382 0.024 2.374 1.122–5.023

Breed 2b 1.49 0.824 0.071 4.424 0.880–22.235

Cac 5.48 1.729 0.013 239.362 8.082–7089.244

Mgc �5.05 1.618 0.002 0.006 0.001–0.152

Pc 1.85 0.716 0.010 6.376 1.566–25.958

DCAD 1d 0.02 0.007 0.040 1.015 1.001–1.030

Ca * Ca �2.03 0.819 0.013 0.131 0.026–0.654

Exposuree 0.03 0.014 0.030 1.030 1.003–1.058

Trial �0.01 0.001 0.369 — —

Variance (s) 1.33 0.357 — — —

a Breed 1, Jerseys (Holstein Friesian used as the reference breed).
b Breed 2, Norwegian Red and White (Holstein Friesian used as the reference breed).
c Ca, Mg, and P expressed as % of DM.
d DCAD 1 5 (Na 1 K) � (Cl 1 S) in mEq/100 g DM.
e Exposure is the mean time in days that the cows in a study were exposed to the precalving tran-
sition diet.

From Lean IJ, DeGaris PJ, McNeil DM, et al. Hypocalcemia in dairy cows: meta analysis and dietary
cation anion difference theory revisited. J Dairy Sci 2006;89:673.
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� Increased resorption of calcium from bone stores23–25

� Calciuria20,26–28

� Increased plasma ionized calcium concentrations26,28

Critically, the overall effect is to increase calcium turnover through increased GIT
absorption and increased sensitivity of target tissues to homeostatic signals, rather
than an improvement in overall calcium balance. The meta-analyses of milk fever
risk factors10–13 have identified that the effect of DCAD on the risk of milk fever is linear
and independent of the important effects of dietary Ca, Mg, and P concentrations.
Consequently, any reduction in the DCAD decreases the risk of milk fever. This linear
relationship should not be confused with the curvilinear relationship between DCAD
and urine pH, with DCAD having little impact on urine pH until it reaches approximately
20 mEq/100 g dry matter (DM) (Fig. 1). This curvilinear relationship is caused by renal
buffering systems that maintain an alkaline urinary pH until overwhelmed. Although
recommendations exist for target urine pH to ensure adequate acidification, these
assess only effectiveness of DCAD management of the diet and not the risk of milk
fever.

Our recommendations for the balancing of the macromineral component of transi-
tion diets are listed in a series of recommendations at the end of this article.

Calcium

The optimum concentration of dietary Ca intake for the control of milk fever is also
contentious, with Lean and colleagues6 and Thilsing-Hansen and colleagues5 sug-
gesting that the precalving intake of calcium be limited to 60 on a negative DCAD
diet and 20 g per day, respectively. McNeill and colleagues2 also concluded that
excessive calcium intake was an important risk factor for milk fever, but less so
than potassium. However, Goff4 concluded that calcium concentration in precalving
diets had little influence on the incidence of milk fever when fed at levels higher
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Fig. 1. Curvilinear relationship between urine pH and DCAD [(Na1 1 K1) � (Cl� 1 S2�)].
(From DeGaris PJ, Moss N, Lean IJ, et al. The transition period–preventing milk fever and
more. In: Proceedings of the Australian Cattle Vets 2005 - Gold Coast AVA Conference.
Gold Coast: Australian Association of Cattle Veterinarians. 2005. p. 66.)

Urinary pH: monitors efficacy of the DCAD; does not monitor milk fever risk. Good transition
diets prevent milk fever; urinary acidification is only part of this, and urinary pH is not a
good predictor of milk fever risk. We recommend sampling and testing feeds for mineral
concentrations and assessing quality in preference to (but not exclusive of) testing urine.
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than the daily requirements of the cow (approximately 30 g/d). Oetzel29 recommended
a daily intake in the precalving diet of 150 g/d, a calcium concentration of between
1.1% and 1.5% of DM, in conjunction with a dietary DCAD of approximately
–15 mEq/100 g DM. However, the meta-analyses of Oetzel10 and Lean and col-
leagues12 found that a calcium concentration of 1.1% to 1.5% of DM provided
near-maximal risk of milk fever (Fig. 2). When the effects of length of time cattle
were exposed to a transition ration before calving were investigated, a quadratic inter-
action with calcium was found.12 This relationship suggests that short exposures to
high concentrations of calciummarkedly increase milk fever risk, whereas a prolonged
exposure to the same concentrations produces only a moderate risk (Fig. 3). These
observations may explain the differences in recommended calcium concentrations
of different workers.
The total exchangeable body calcium mass is only 1.5% of total body calcium in

mature cows.30 Goff and colleagues21 estimated an even smaller pool of readily labile
calcium bone stores, 6 to 10 g, based on responses of cattle to ammonium chloride-
induced acidosis.31 We have observed mild milk fever cases arising before calving
with low-DCAD and low-calcium diets, possibly reflecting calciuria stimulated by the
low-DCAD diets, and find that diets containing 0.4% to 0.6% calcium overcome
this problem.

Magnesium

The most significant factor influencing risk of milk fever is the magnesium content of
the diet.12 Magnesium may prevent milk fever through roles in

� The release of PTH and in the synthesis of 1,25-dihydroxycholecalciferol
� In hypomagnesemic states, kidney and bone are less responsive to PTH4,32

� Reducing renal calcium excretion. Wang and Beede33 found that nonpregnant,
nonlactating cows fed a diet high in Mg had lower renal calcium excretion than
those fed a diet low in Mg

Contreras and colleagues34 and van de Braak and colleagues35 reported poor cal-
ciummobilization in hypomagnesemic cattle. Although clinical hypomagesemia is rare
in dairy cattle, very low dietary Na or high dietary K concentrations may interfere with
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Fig. 2. Milk fever incidence in response to varying dietary Ca concentrations. (From Lean IJ,
DeGaris PJ, McNeil DM, et al. Hypocalcemia in dairy cows: meta analysis and dietary cation
anion difference theory revisited. J Dairy Sci 2006;89:674.)
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Mg transport across the rumen wall and result in clinical disease. Magnesium is best
supplied as magnesium sulfate, magnesium chloride, and magnesium oxide; caution
needs to be applied to supply in the chloride form, because this is unpalatable (we
have observed successful application in water). As with any other mineral, it should
not be assumed that more is better; we have observed problems associated with
supply of 0.8% magnesium in diets.

Phosphorus

Phosphorus also plays an important role in milk fever, with increasing phosphorus
concentrations increasing milk fever risk. Although phosphorus concentrations are
not as tightly regulated as calcium, both are closely related, with plasma PO4 concen-
trations regulated directly by 1,25(OH) vitamin D3 and indirectly by the PTH/calcium
negative feedback loop.36 However, in rats, hyperphosphatemia can inhibit the renal
production of 1,25(OH) D3 sufficiently to cause hypocalcemia.37–39 In cattle, there is
evidence that a prepartum diet high in phosphorus can have a negative impact on cal-
cium homeostasis, possibly by the same pathways.40–42 Hypophosphatemia may
contribute to the alert downer cow syndrome and long-term dietary P deficiency
has been implicated in the development of postparturient hemoglobinuria; however,
it is likely that the latter disease is multifactorial, with copper, selenium, and antioxi-
dant status playing an important role in the development of the disease.

Optimum Duration of Exposure

The duration of exposure to the transition diet was included in the models to predict
milk fever risk developed by Lean and colleagues,12 but had not been validated in trial
work. Subsequent studies tend to support an optimal period of exposure to transition
diets of 25 days before calving.9 Increased urinary calcium loss on low-DCAD diets
has been reported,43,44 and depletion of calcium stores over time may explain part
of this effect.

Age and Protein

There is good evidence that increasing age increases the risk of milk fever as a result
of decreased intestinal calcium absorption and responsiveness to hypocalcemia,45–47
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Fig. 3. Relationship between calcium%, days exposure to the transition diet, and milk fever
incidence (MF %). (Adapted from DeGaris PJ, Lean IJ. Milk fever in dairy cows - A review of
pathophysiology and control principles. Vet J 2008;176:64; with permission.)

Lean et al372



reduced bone turnover,48 and decreased bone responsiveness to PTH and vita-
min D.21 We found that the risk of milk fever increased by 9% per lactation in the sub-
population of studies used for a meta-analysis12 that reported age (unpublished data).
Increased protein concentration in the diet increased the risk of milk fever in some

models and approached significance in manymodels tested by Lean and colleagues12

(unpublished data). This effect was not large compared with magnesium and calcium
concentrations. However, too few studies provided data on this finding to include in
final published meta-analytical models.

Importance of Bone in Energy Metabolism

Important homeostatic links between bone and energy metabolism have been estab-
lished. This relationship was first postulated when obesity was discovered to reduce
the risk of osteoporosis in humans.49 Ducy and colleagues50 then proposed that the
bone and energy metabolism may be regulated by the same hormones. Mouse
models show that osteocalcin, produced by mature osteoblasts, completes the nega-
tive feedback loop between bone and energy metabolism, which is the hallmark of
homeostatic regulation.51 The uncarboxylated form of osteocalcin promotes

� b-cell proliferation
� Insulin secretion
� Independently increases peripheral tissue insulin sensitivity
� Adiponectin secretion by adipose cells

Although there is no specific research in cattle linking bone and energy metabolism,
there are findings that support the hypothesis that these may be linked, and this inter-
action seems to be a vital aspect of the homeorhetic adaptations to lactation. Many
studies support this conceptual framework at thephysiologic level, andclinically, Heuer
and colleagues52 found that obese cows (body condition scoring [BCS] >4.5/5) were at
greater risk ofmilk fever. Binger andcolleagues53 foundan increase in insulin resistance
in cows fed low-DCAD rations before calving. DeGaris and colleagues8 found a positive
relationship between BCS and area under the curve of blood Ca after calving, and
reanalysis of the data used in that study using time series techniques found significant,
positive correlations between blood calcium and glucose both before and after calving
(DeGaris, and Lean, unpublished data). Associations between ketosis and hypo-
calcemia are well recognized and have been recently reconfirmed in prospective, ran-
domized trials with anionic diets54 and cohort studies examining the effects of
hypocalcemia.55

Critically, links between calcium metabolism and health and reproduction are also
evident. Hypocalcemia is a risk factor for many of the important diseases of lactation,
including mastitis, ketosis, retained placenta, displaced abomasums, and uterine pro-
lapse. Hypocalcaemia is also a risk factor for reproductive disorders and is an indirect
risk factor for increased culling.25,56,57 Curtis and colleagues58 observed an increased
odds of mastitis of 8-fold for cows with milk fever. Although such increases have been
ascribed to recumbency and failure of teat sphincter closure, these mechanisms are
speculative. Cows with subclinical hypocalcemia (defined as <8.59 mg/dL) were at
greater risk of developing fever, metritis, and puerperal metritis compared with normo-
calcemic cows.55 There are differences in peripheral mononuclear cells function,
which indicate impaired function in hypocalcemic cows.59 Borsberry and Dobson60

in the United Kingdom found that cows with clinical milk fever had 13 more days
from calving to conception, a finding supported by Martinez and colleagues55 in hypo-
calcemic cows. These investigators also found lower conception rates in hypocalce-
mic cows and that 66.6% of metritis and 91.3% of puerperal metritis in this population
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was attributable to hypocalcemia. New Zealand studies61,62 found a tendency to
improved interval to conception in cows treated with calcium-containing products
after calving. Although further targeted research is needed to explore this potentially
important aspect of energy and bone metabolism in dairy cattle, those evaluating or
formulating diets should work on the premise that these links between bone health
and energy metabolism are substantial.

Specific Interventions

Vitamin D and calcium
One of the emerging areas of understanding is the important role of vitamin D in im-
mune function.63 Vitamin D has roles in both innate and adaptive immune responses.
Although cattle exposed to sunlight may obtain sufficient vitamin D, it is clear that
housed cattle do not unless supplemented. The target levels for optimal performance
are being identified, as are the optimal forms of supplementation. Supplying 40,000 IU
of vitamin D3 may be appropriate; however, there should be careful consideration of
the optimal timing of such supplementation before calving.
The potential benefits of the use of vitamin D metabolites have been recognized for

many years. Problems in finding satisfactory therapies have been encountered as a
result of needs to predict calving dates, variation in responses associated with
different prepartum calcium intakes,22,64 and the potential for toxic reactions to arise
from the administration of the vitamin D metabolites as a result of persistent hypercal-
cemia, such as the deposition of calcium in tissues, particularly the cardiovascular
system.65,66 Notwithstanding these limitations, several studies have reported positive
responses to 25-OH cholecalciferol on milk fever risk and metabolism. As better
understandings of vitamin D, calcium, and energy metabolism emerge, more detailed
recommendations on vitamin D use can be anticipated.

Acidifying feeds
Lowering the DCAD of the prepartum diet using mineral salts has produced a signifi-
cant increase or a trend toward increased milk production in lactation.23,67–70 These
responses are approximately 1 to 2 L per cow per day. The most researched of the
interventions is the acidifying protein meal BioChlor (Church and Dwight, NJ), pro-
duced using sulfuric and hydrochloric acids. Soychlor (West Central Soy, IA) is another
acidifying protein meal that is based on hydrochloric acid and soya-proteins.
Corbett71 retrospectively examined 13,000 DairyComp 305 records and found an in-
crease in daily milk yields of between 2.0 and 3.0 L for cows exposed to a transition
diet containing BioChlor for 15 to 21 days compared with 0 to 7 days’ exposure.
DeGroot72 in a randomized controlled trial found an average 2.0 L/d production
response in cows exposed to a prepartum diet containing BioChlor for 21 days over
cows fed control diet with a similar DCAD.

After calving
Recommendations for the target DCAD for lactating cows range from135 to140mEq/
100 g DM and are based on the meta-analysis of Hu and Murphy.73 Increasing the
lactating diet DCAD to these levels has been shown to increase DM intake (DMI),
milk components, and milk yield and possibly improve amino acid balance.73–77

Zeolites and calcium binding
Thilsing-Hansen and colleagues5 concluded that limiting the precalving calcium intake
to 20 g/d or less is 100% effective at preventing milk fever, but may be too low to incor-
porate with a negative DCAD diet. However, it is often difficult to limit daily calcium
intake to these levels. Calcium-binding agents (eg, zeolite A) have been shown to
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bind calcium and reduce Ca availability in precalving diets. However, some binders
have been associated with reduced DMI before calving and because they are nonspe-
cific, the potential exists for reduced availability of other divalent cations such as
magnesium, an action that would increase the risk of milk fever.5,78,79

Calcium drenches
Calcium drenches and gels are available and have been widely used to prevent and
treat hypocalcemia. Preventive gels are given as an oral drench during the 24-hour
period around calving. Most calcium gels are based on calcium chloride, which sup-
plies a soluble form of calcium and acidifies. Goff and Horst80 compared the effective-
ness of various calcium salts, including calcium propionate, calcium chloride, and
calcium carbonate. Although calcium chloride increased plasma calcium concentra-
tions higher than those of the other products, it could cause a severe acidosis80

and may irritate the oral and ruminal mucosa. Calcium propionate has the advantage
of being glucogenic and may reduce the risk of ketosis.81

Micromineral metabolism: free radicals and antioxidants in transition The homeo-
rhetic and homeostatic responses to lactation can be exaggerated or perturbed by
release of inflammatory mediators from lipid mobilization, environmental stressors,
or subclinical disease conditions that increase postparturient disease risks82–87

(see also the article by Sordillo and colleagues elsewhere in this issue). The magnitude
of effects of these responses aremost clearly shown by studies in which the antiinflam-
matory agent acetylsalicylate (aspirin), either fed or injected, markedly reduced the
risks of disorder after calving, increasedmilk production, and improved reproduction.88

Clinical situations in which inflammation is increased and free radicals may be
generated include:

� Challenge from infectious agents (novel agents, highly pathogenic, substantial
exposure)

� Deficiency states of antioxidants, either single antioxidants or several
antioxidants

� Parturition when cows are exposed to bacterial contamination of the reproduc-
tive tract, increased metabolic demands, and depletion of antioxidants associ-
ated with lactation and production of colostrum

� Higher-producing animals have higher metabolic activity rates and greater loss of
antioxidants in the milk

� Excessive intakes of prooxidants (eg, polyunsaturated fatty acids or catalysts
such as iron, copper or zinc)

� Estrus activity; there is a considerable capacity for free radical generation and
challenge during steroidogenesis and in the period of growth and atresia of
ovarian structures89; reproduction is not a sterile process, and consequently,
there is considerable potential for bacteria to create free radical challenge during
conception and early embryonic development

The processes of calving and lactation are proinflammatory. Inflammation is a crit-
ical part of innate immune responses and is an adverse response only when uncon-
trolled. Control of inflammation is exerted by ensuring that there is a good balance
between exposure to pathogens and that cows are able to mount effective innate
and humoral immune responses. When inflammatory effects are uncontrolled, these
effects are often mediated through propagating reactions that involve the generation
of free radicals.
Free radicals are generated as a normal part of metabolism in cellular respiration,

electron transport via cytochrome P450, enzymatic reactions, and significantly in the
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killing systems used by macrophages, neutrophils, and other phagocytic leucocytes.
This controlled release of free radicals is part of the immune response through the res-
piratory burst of phagocytic leucocytes. Granulocytes, mononuclear macrophages,
and lymphocytes use free radicals such as H2O2, myeloperoxides, and superoxides
as a means of destroying invading organisms and damaged tissue. The oxidative
agents released extracellularly or within phagosomes are a controlled response to
defined activated pathways.90 This process involves the production of high levels of
superoxide, which can cause significant damage to biological molecules in an iron
catalyzed reaction, in which OH$ is an intermediate. This reaction is called the Fenton
reaction and allows the formation of free radicals that are destructive to tissues.91 Free
radicals are unstable, react with the environment, and create toxic lipids, reactive pro-
teins, and other free radicals and further damaging tissues, DNA and RNA.92 Damage
from free radicals is more severe when systems that quench propagating reactions are
impaired, often through deficiencies in the antioxidant vitamins and minerals.
The balance of radical generation and antioxidant control is complex, because the

processes involved are highly interrelated, and excesses of trace elements can be as
damaging as deficiencies. Iron and copper are needed in key protective enzymes such
as transferrin, catalase (Fe), and Cu/Zn superoxide dismutase (Cu) that bind these;
however, excessive supplementation with copper or iron saturates potential binding
sites and increases the level of these metals in their free states. Free iron and copper
may catalyze oxidative reactions, as shown in the spectacular sudden death syn-
dromes associated with acute and chronic copper toxicity.
Serum concentrations of the fat-soluble vitamins retinol (vitamins A) and a-tocoph-

erol (vitamin E) decline around the time of calving,93 a decline that cannot be
completely accounted for by losses through the mammary gland.94 Curtis83 serially
sampled Holstein cows from 1 month before calving until 1 month after calving and
identified the likely transfer of many antioxidants to the calf, in utero and through
colostrum, a finding supported by many other studies. Plasma retinol, a-tocopherol
and b-carotene concentrations were depleted to nadirs at a mean of 4.5 days after
calving. Subsequently, plasma retinol and a-tocopherol concentrations increased.83

At the time that plasma retinol, a-tocopherol, and b-carotene concentrations were
lowest, plasma ceruloplasmin activities were highest, but these decreased at the
end of the sampling period. Whole blood glutathione peroxidase activities increased
and peaked 3.6 days before calving. Plasma ascorbate concentrations and erythro-
cyte Cu/Zn superoxide dismutase activities did not display consistent patterns of
change over the sampling period. There were significant correlations between the
changes in plasma retinol, a-tocopherol, and b-carotene concentrations and also
between plasma ceruloplasmin and whole blood glutathione peroxidase activities.
Initial increases in malondialdehyde (an indicator of free radical damage) concentra-
tions were associated with decreases in concentrations of the fat soluble vitamins
and the decrease in malondialdehyde over calving was associated with increases in
plasma ceruloplasmin and whole blood glutathione. The findings of Curtis83 show
strong interactions among antioxidants.
At calving, cows with plasma a-tocopherol concentrations less than 3.0 mg/mL were

at 9.4 times greater risk of having mastitis within the first 7 days of lactation compared
with cows with higher concentrations.95 LeBlanc and colleagues96 did not find a pro-
tective effect of prepartum serum a-tocopherol concentration on mastitis, but for
every 1 mg/mL increase, retained placenta incidence was reduced 21%. Because
serum retinol concentration increased 100 ng/mL during the last week of gestation,
risk of clinical mastitis in early lactation was decreased 60%.96 Serum vitamin concen-
trations can be augmented with appropriate dietary supplementation.97–100 However,
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caution should be exercised in use of transition metal and vitamins antioxidants,
because these can have adverse or no effects when fed greater than requirements.
Responses to additional vitamin E in dairy cattle have been variable, and a meta-
analysis of use of vitamin E and selenium in beef feedlot cattle indicated that feeding
vitamin E at concentrations greater than the National Research Council (NRC) recom-
mendation, or the administration of vitamin E as an injection, did not improve average
daily gain, efficiency of gain, or morbidity in feedlot cattle.101

Although trace mineral nutrition of dairy cattle is of great importance and many trace
minerals improve immune function,102 the capacity for interactions with other dietary
inputs and variation in individual animal requirements means that despite extensive
study, there are still many areas that require clarification. Although the inflammatory
pathways that influence health, productivity, and reproduction are complex, the clini-
cian need not understand all of the pathways to be aware and enact preventive stra-
tegies. Ensuring that mineral and vitamin intakes meet or moderately exceed NRC
requirements is essential. The source of such minerals may be important because re-
sponses have been noted in both production and reproduction to organic sources of
minerals.103

Table 2 highlights the dietary sources, active forms, sites of action, and types of
action of antioxidants in cattle.

Putting it all Together: a Cohort Study of Integrated Interventions

In a large, prospective observational study examining the effect of increasing days
exposure to a BioChlor-based transition diet that was formulated to deliver on a DM
basis, 16.0% CP (crude protein), 4.2% rumen undegradable protein, and 6.9 MJ/kg
(0.65 Mcal/#) NEL.

7–9 The diets provided an average metabolizable protein balance
of 286 g/d based on the Cornell Net Protein and Carbohydrate Model and a dietary
cation anion difference of –15.0 mEq/100 g, provided micronutrients to meet or
exceed NRC requirements, and rumen modification to control risk of acidosis.
Increasing exposure to the prepartum transition diet had positive effects on milk
and milk protein yield. The increase in production reported between minimal exposure
(3 days or less) and optimal exposure (22 days for milk yield and 25 days for milk pro-
tein yield) was approximately 3.75 L of 4.0% fat and 3.2% protein corrected milk per
day and 100 g of milk protein per day (Figs. 4 and 5). DeGaris and colleagues7 also
found that exposure to the transition diet increased risk of conception by 1.2% per
day on the transition diet. This effect is large and is shown in Fig. 6, showing the cu-
mulative pregnancy rate for cows exposed to the diet for less than 10 days, those
exposed for 10 to 20 days, and those cows exposed for more than 20 days. Numer-
ically, more cows were in calf at the end of the mating periods for cows with greater
exposure to the transition diet.

Putting it all Together: Troubleshooting/Formulating: a Checklist

The following guidelines are useful when formulating or troubleshooting transition di-
ets and management. Given the multivariable nature of the disorder and other benefits

Free radical management and controlling inflammation: themajor implication of Curtis’ work is
that vitamin and mineral status of cattle should not be considered in isolation of other antiox-
idants, nor of the level of oxidative challenge; adequacy is a function of these interactions, not
just a single vitamin or mineral; increased concentrations of 1 of these may also not be better.
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of correct transition diets, care should be taken not to crudely apply rules of thumb,
but to evaluate the diets in total.

1. Analyze available feeds for macromineral content using wet chemistry methods.
NIR can be unreliable for determination of mineral composition of forages in
particular. Analyze feeds to allow macronutrient balancing. Comprehensive and
cost-effective feed testing can be performed (eg, using an accredited laboratory
from http://www.foragetesting.org [National Forage Testing Association]).

2. Select feed ingredients that have a low DCAD (<20 mEq/100 g DM). Of particular
importance are forages that are low in K (<2.0%) and possibly Ca Select forages,
which allow adaptation of the cow’s rumen to the early lactation diet. Forages
(hays/silages) or paddocks may need to be specifically grown or prepared for tran-
sitioncowsand receiveminimal potassium-based fertilizersormanureapplications.

Table 2
Dietary sources, active forms, sites of action and type of action of antioxidants in cattle

Dietary Inputa Biologically Active Antioxidant Site of Action Type of Action

Selenium GSHPx IC/membrane ROOH, H2O2

Copper Cu/Zn superoxide dismutase IC O2
�

Caeruloplasmin EC Binds Cu/oxidizes Fe,
weak O2

� scavenger
EC superoxide dismutase EC O2

�

Zinc Cu/Zn superoxide dismutase IC O2
�

EC superoxide dismutase EC O2
�

Metallothionine EC Binds metal ions

Manganese Mn superoxide dismutase IC O2
�

Iron Catalase IC H2O2

Transferrin EC Binds Fe
Lactoferrin EC-milk/sweat Binds Fe

Cobalt Vitamin B12

Vitamin E a-Tocopherol Membrane Blocks peroxidation
in lipids especially

Vitamin A Retinol EC Maintains cell integrity

b-Carotene b-Carotene Membrane Scavenges singlet O2

Retinol EC Cell integrity

Glucose Ascorbate EC Vitamin E, GSSG reduction,
radical scavenger

Sulfur amino
acids

GSSG IC Replenishes GSHPx

Protein Albumin EC Binds Fe and Cu
Hemopexin EC Binds Fe
Haptopexin EC Binds Fe
Histidine-rich glycoproteins EC Binds other metal ions
Erythrocytes EC Transport radicals IC
Mucins EC OH$ Scavenging

Abbreviations: EC, extracellular; GSHPx, glutathione peroxidase; GSSG, glutathione; H2O2, controls
hydrogen peroxide; IC, intracellular; NIR, near infrared spectroscopy; O2

�, controls superoxides;
OH$, controls hydroxyl radicals; ROOH, controls lipid peroxides.

a Limiting dietary component.
Data from Lean IJ,WestwoodCT, RabieeAR, et al. Recent advances innutritionand reproduction in

temperate dairy management. In: Webber W, ed. Proceedings of the Society of Dairy Cattle Veteri-
narians of the NZVA Annual Conference. Palmerston North, New Zealand: VetLearn Foundation,
1998. p. 87–118.

Lean et al378



3. Formulate ration to deliver a positive energy and protein balance without placing
cows at risk of acidosis; consider strategies that minimize this risk (eg, limiting
NFC [non fibre carbohydrate] to 36% and ensuring the NDF [neutral detergent
fibre] is at least 30% of DM, and physically effective fiber is at least 24% of
DM). Do not use straw or poor-quality hays as a significant source of forage,
because energy density is insufficient for maintenance.

4. Include 500 to 1000 g of a commercial mineral acid-treated feed (eg, BioChlor) to
provide chloride and sulfur and to increase microbial protein production.

5. Calculate DCAD; aim for less than 0 mEq/100 g DM.
6. Balance Na for requirements; target 0.12% DM.
7. Balance S (to ensure substrate for microbial protein synthesis); target 0.4% DM,

but be cautious with higher concentrations, because it is possible that high dietary
S concentrations place cows at risk of polioencephalomalacia. Use MgSO4 up to
80 g/cow.
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8. Balance Mg; target is 0.4%. DM: if Mg concentration is still low, add MgCl2 (up to
a combined inclusion rate with MgSO4 of 100 g/cow). If Mg is still needed, balance
with MgO.

9. Balance Ca concentration if necessary using CaSO4, CaCl2, or limestone. This
strategy is rarely necessary because Ca concentration needs to be kept around
0.5 to 0.6% DM. Beware: Ca can occasionally be high in cereal hays. Consider
increasing the Ca concentration of the diet only if it is extremely low (<0.25%)
because these diets may result in significant depletion of bone stores, particularly
if cows are spending an extended time on an acidifying transition diet.

10. Check P concentration; target is around 0.3 to 0.35% P. Additional sources of P
are rarely required. High P feeds may need to be reduced in diet.

11. Check K concentration; this should be at least 1.1% to allow for daily require-
ments of the cow. As an approximate guideline, the K concentration should be
about 4 times the Mg concentration. If this ratio is higher (ie, K > 1.6%) consider
reducing the high K feeds in the diet.

12. Check Cl concentration; the Cl concentration of the diet is ideally about 0.5%
lower than the K concentration.

13. Check DCAD; this should now be around –10 mEq/100 g DM. If DCAD is greater
than 0 mEq/100 g DM, go back to step 2 and start again.

14. Balance ration for trace minerals and vitamins. Meet or moderately exceed NRC
requirements for micromineral needs and vitamins.

15. Ensure
a. Adequate access to concentrates and hay/silage sources to minimize compe-

tition; a minimum of 75 cm of linear trough space per cow is required
b. Thorough mixing of acidogenic salts or acidifying feeds
c. Pasture intakes are estimated as accurately as possible taking into account

daily growth
d. Heifers are integrated into transition herd at this stage to minimize competition

after calving or are kept in a separate string
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e. As many as possible of the postcalving feed ingredients are included in the
precalving diet

f. Avoid feeding transition diets through dairy parlors; this can result in unsatis-
factory intake in some cows and increases risk of mastitis in some herds by
stimulating mammary letdown; cows fed in dairies should have teat spray
applied.

16. Monitor the effectiveness of the DCAD aspects of the transition diet by measuring
urine pH targets should be 6.2 to 6.8 for Holsteins and 5.8 to 6.3 for Jerseys. Urine
pHs less than 5.8 suggest excessive metabolic acidosis that compromise cow
health. The aim is to prevent milk fever and not necessarily reduce urine pH. Mea-
sure and analyze feeds in preference to testing urine (if you can choose to do only
one or the other, getting the diet correct is more critical).

17. Aim to have cows on a transition diet for 21 days.
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� Nonesterified fatty acids (NEFA) and b-hydroxybutyrate (BHB) are energy metabolites that
can be used as markers of excessive negative energy balance in dairy cows during the
transition period.

� When sampled in the appropriate time frame, prepartum and postpartum NEFA and BHB
concentrations above certain thresholds are associated with negative downstream
outcomes such as increased risk of disease, and decreased milking and reproductive
performance at the level of the individual cow.

� BHB concentrations can be measured qualitatively or quantitatively with several tests of
varying sensitivities and specificities both cow-side and in laboratories. At present,
NEFA concentrations can be measured only quantitatively in laboratories.
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INTRODUCTION

All dairy cows visit a state of negative energy balance (NEB) as they transition from late
gestation to early lactation. This imbalance in energy is the result of both an increase in
energy requirements (more than twice as high when compared with prepartum levels1)
and a decrease in dry matter intake (DMI2). The increase in energy demand is due to
lactogenesis, which depends on available glucose concentrations3 from gluconeo-
genesis in the liver.4

At the individual animal level there are several metabolic adaptations to manage
NEB, including mobilization of nonesterified fatty acids (NEFA) from body fat reserves
and glucose sparing for lactogenesis. However, some animals will experience exces-
sive NEB, and it is this excess that is associated with negative downstream outcomes,
such as increased risk of disease development and a decrease in both milk production
and reproductive performance.
Several groups that have evaluated elevated NEFA and BHB concentrations as

markers of excessive NEB report an increased risk of disease development5–10 and
a decrease in both milk production and reproductive performance.11–14 As some de-
gree of NEB postpartum is physiologically normal, it is the depth, duration, and timing
of it that influences the cow’s health and performance.
Based on current pen-level feeding and management practices, strategies to mini-

mize excessive NEB in both the individual and the herd should focus on herd-level
testing and management. This article reviews strategies for the testing and monitoring
of excessive NEB at the herd level through individual-level testing of 2 energy markers:
NEFA and BHB.

PHYSIOLOGY

The metabolites NEFA and BHB can be used as markers of NEB because of the rela-
tionship between energy demands, energy reserves, and the metabolic association
between NEFA and BHB. Fig. 1 is a graphic representation of the association between
these factors.

Adipose Tissue

Glycerol and NEFA are released from adipose tissue in response to hormonal cues
such as glucagon, corticosteroids, corticotropin, and catecholamines. Insulin is the

Continued

� At the cow level, the following metabolite concentrations are associated with negative
downstream outcomes: prepartum BHB 0.6 to 0.8 mmol/L and greater; prepartum
NEFA 0.3 to 0.5 mEq/L and greater; postpartum NEFA 0.7 to 1 mEq/L and greater; and
postpartum BHB 1.0 to 1.4 mmol/L and greater.

� At the herd level, negative downstream outcomes can be seen when more than 15% to
25% of the individual cows sampled (given the appropriate sample size) are higher than
the aforementioned metabolite concentrations. Herd-level sensitivity is adversely affected
by low cow-level test sensitivity, especially at lower prevalences and smaller sample
sizes.

� Rational metabolite-testing protocols can lead to appropriate identification of herd-level
risk for transition problems in cows, based on which preventive and corrective manage-
ment strategies can be used, including treating individual cows with propylene glycol.
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only hormone that will act to inhibit lipolysis and therefore decrease the amount of
NEFA released from adipose tissue.
Early in the postpartum period, there is both a decrease in insulin production15 and a

transient state of insulin resistance.1 These 2 mechanisms allow glucose sparing for
lactogenesis by decreasing glucose use by insulin-sensitive tissues, and allowing
continued lipolysis even when insulin concentrations increase.16

The continual release of NEFA into circulation is not always detrimental: NEFA is a
good source of energy for several tissues in the body, and can be used to synthesize
milk fat. However, elevated levels of NEFA can result in excessive accumulation of
triglycerides in the liver, resulting in hepatic lipidosis. In addition to the overtly detri-
mental effects of hepatic lipidosis,17 more recent research has demonstrated that
elevated NEFA concentrations can also adversely affect immune function18,19 (see
also the article by Sordillo and colleagues20 elsewhere in this issue), and an excessive
amount of circulating fatty acids may promote inflammation, which is an important
factor in common diseases such as metritis and mastitis.

Rumen

Several factors (eg, nutrition, ionophore use, and DMI) determine the amount and pro-
portion of the 3 major volatile fatty acids (VFA; acetic acid, propionic acid, and butyric
acid) produced by microbes in the rumen. Acetic acid is used mainly in the liver as a
major source of acetyl coenzyme A to generate adenosine triphosphate (ATP). Butyric
acid is absorbed from the rumen as a ketone body, BHB. Propionic acid is taken up by
the liver via portal circulation and serves as the major substrate for gluconeogenesis.4

Liver

The liver receives approximately one-third of cardiac output and removes approxi-
mately 15% to 20% of the NEFA in circulation.21,22 Once inside the liver, fatty acids

Fig. 1. The relationship between energy demands, energy reserves, and the metabolic
association between nonesterified fatty acids (NEFA) and b-hydroxybutyrate (BHB).
Abbreviations: ACTH, corticotropin; ATP, adenosine triphosphate.
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can follow 4 pathways: complete oxidation in the tricarboxylic acid cycle (TCA)
pathway to produce ATP; transport out of the liver in very low-density lipoproteins;
transformation to ketone bodies via the b-oxidation pathway or conversion to ketone
bodies through peroxisomal oxidation; or storage in the liver as triglycerides.15

The 3 major ketone bodies produced by the liver are acetone, acetoacetate (AcAc),
and BHB. AcAc can spontaneously convert to acetone and CO2 and can also be
metabolized by the enzyme b-hydroxybutyrate dehydrogenase into BHB. Acetone is
excreted in urine or exhaled; it is responsible for the “fruity” breath of ketotic cows.
While BHB accounts for most of the total ketone body pool in bovines, in lactating
animals with NEB the equilibrium between AcAc and BHB may be shifted even farther
toward BHB.23 This shift in equilibrium may be important when selecting between the
nitroprusside colorimetric spot tests, which test for acetone and AcAc, and a test that
directly measures BHB.

Mammary Gland

The mammary gland is not dependent on insulin for glucose use.24 During excessive
NEB, circulating NEFA are regularly incorporated into milk fat.25 During NEB in the
postpartum period, milk fat concentrations tend to increase and milk protein concen-
trations tend to decrease; thus, the ratio between fat and protein can be used as an
indicator of excessive NEB and as a predictor of the risk of developing metabolic
diseases.26–28 To use milk fat and protein information as a predictor of metabolic
diseases that commonly occurs within 30 days in milk (DIM), samples should be
evaluated within 9 days postpartum.28

DIAGNOSTIC TEST ACCURACY: INDIVIDUAL ANIMAL TESTS
Sensitivity and Specificity

In epidemiology, sensitivity is defined as the ability of a test to correctly identify those
who have the disease (true positive risk), and specificity is defined as the ability of a
test to correctly identify those who do not have the disease. In this context, the sensi-
tivity and specificity of a test are routinely evaluated against a gold standard whereby
the true status of the individual is known. The ideal test would have both high sensi-
tivity and high specificity, but commonly there is a trade-off between the two.
To illustrate the trade-off between sensitivity and specificity when selecting a cut-

point from a continuous distribution, data from a previous study9 are used here. In
this study the postpartum NEFA concentration was measured in animals 3 to 14
DIM, the objective being to determine a cut-point above which an animal was at higher
risk of developing a displaced abomasum (DA), for example. Fig. 2 is a frequency
distribution of NEFA concentrations in the sampled animals.
Three major factors should be apparent from this example: (1) NEFA concentrations

do not follow a normal distribution; (2) relatively few animals developed a DA; and (3)
there is an overlap in NEFA concentrations between those animals that developed a
DA and those that did not. It is this overlap between the 2 groups that forces the
trade-off between sensitivity and specificity. Animals with postpartum NEFA concen-
tration of 0.7 mEq/L or more were 10 times more likely to develop a DA than those with
NEFA concentrations of less than 0.7 mEq/L.9 In this example, if the NEFA cut-point is
increased (eg, 1.0 mEq/L), the sensitivity of this test goes down and specificity goes
up; that is, animals whose NEFA concentration is below the new higher cut-point
but that develop a DA will result in a false negative, but there will simultaneously be
fewer false positives. The converse is also true if the cut-point is chosen to be lower
than 0.7 mEq/L.
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Because there is usually an overlap between the 2 populations of interest (ie, those
with and without the outcome of interest), the cut-point chosen at the individual animal
level could provide either the highest sensitivity if the consequence of false negatives
are a concern, or the highest specificity if the consequence of false positives are a
concern. However, in most cases it is ideal to use a test with both high sensitivity
and high specificity. To identify this threshold, a receiver-operator characteristic
(ROC) curve can be used to compare continuous predictors with a single dichotomous
outcome. An example of the ROC curve evaluating NEFA in cows sampled post-
partum versus DA as the outcome is shown in Fig. 3.
The area under the ROC curve can be interpreted as the probability that a randomly

selected diseased individual has a greater test value than an individual without the dis-
ease.29 When evaluating the association between elevated NEFA and BHB and the
development of disease, both metabolites were treated as tests with continuous con-
centrations and were evaluated against the development of disease. The diseases
under evaluation were DA, metritis (MET) and/or retained placenta (RP), and clinical
ketosis (CK), or any of the three.9

The ROC curves were used to estimate sensitivity and specificity for various cut-
points and diseases (Table 1). The study evaluated these cut-points at the individual
animal level and determined the risk ratio associated with having elevated NEFA or
BHB.9 Table 2 is a summary of the risk ratios of developing any disease (DA, CK,
MET, or RP) based on the cut-points with the highest combined sensitivity and
specificity.

Likelihood Ratios and Predictive Values

Table 1 also reports the likelihood ratio positive (LR1) and negative (LR�). In general,
the LR measures how much a test result will change the odds that the animal has the
disease, and incorporates both the sensitivity and specificity of the test. The LR1
indicates howmuch the odds of the disease increase when a test is positive. Similarly,

Fig. 2. Frequency distribution of NEFA postpartum in animals that developed a displaced
abomasum (Yes DA; n 5 26) versus those that did not (No DA; n 5 800).
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the LR� indicates how much the odds of the disease decrease when a test is
negative.29

Because odds are difficult to interpret but LRs are commonly reported, a simpler
approach is proposed for evaluation of LRs.30 This approach estimates the change
in probability associated with different LRs, and is based on the pretest probability.
A pretest probability refers to the probability of an animal having the target disorder
before the results of the diagnostic test is known. For example, an LR1 of 2 can be
interpreted as a 15% increase in the probability of disease above the current pretest
probability; LR1 of 3 is 20%, LR1 of 4 is 25%, and so forth. An LR� of 0.1 reduces the
probability of a disease given the test result by 45%, LR� of 0.2 by 30%, LR� of 0.3 by
25 and so forth, below the current pretest probability.30 In Table 1, for example, an
LR1 of 1.9 when postpartum NEFA is at least 0.6 mEq/L means that an animal with
NEFA of 0.6 mEq/L or greater has a 15% increased probability (above the pretest
probability) of having any of the diseases (DA, CK, MET, or RP).
Although the predictive value positive (PV1) and negative (PV�) are not reported in

Table 1, these values are a useful tool for interpreting test results. The PV1 is the
probability that, given a positive test, the animal actually has the disease; PV� is
the probability that, given a negative test, the animal does not have the disease.29

The same test will have different PV1 and PV� in different populations because it is
driven by the underlying true population prevalence.

Available Tests

Ketone bodies
Recently, the Precision Xtra meter (Abbott Laboratories, Abbott Park, IL), a handheld
device for measuring blood BHB concentrations, was validated for use in rumi-
nants.31,32 The sensitivity and specificity are 88% and 96%, respectively, when
using a cutoff value of 1.2 mmol/L; and 96% and 97% when using a cutoff value of

NEFA
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Fig. 3. Receiver-operator characteristic curve (solid line) that determines the critical
threshold (open square in upper left corner) for NEFA concentrations (�0.72 mEq/L) predict-
ing displaced abomasa in animals sampled postpartum. The dotted curves represent the
95% confidence interval for the ROC curve. The diagonal line represents the sensitivity
and specificity level at which the test is noninformative.
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Table 1
Receiver-operator characteristic curve determination of critical NEFA (mEq/L) and BHB (mmol/L) thresholds as predictors of disease in transition dairy cows

Disease Critical Thresholda Sen 95% CI for Sen Spec 95% CI for Spec LRDb LRLc AUC P Value

Animals sampled prepartum (n 5 1440); thresholds for NEFA prepartum

DA 0.3 57 42–72 62 60–65 1.5 0.7 0.6 .01

CK 0.3 53 43–64 61 58–64 1.4 0.8 0.6 .001

MET and/or RP 0.4 37 30–45 80 78–83 1.9 0.8 0.6 .0001

Any 3 0.3 48 42–54 69 67–72 1.6 0.8 0.6 <.001

Animals sampled postpartum (n 5 1318); thresholds for NEFA postpartum

DA 0.7 80 65–91 73 70–75 3.0 0.3 0.8 <.001

CK 0.6 74 61–84 59 57–62 1.8 0.4 0.7 <.001

MET 0.4 97 86–100 30 28–33 1.4 0.1 0.6 .009

Any 3 0.6 75 66–82 61 58–64 1.9 0.4 0.7 <.001

Animals sampled postpartum (n 5 1318); thresholds for BHB postpartum

DA 1.0 71 55–84 80 77–82 3.5 0.4 0.78 <.001

CK 1.0 57 44–70 80 78–82 2.8 0.5 0.74 <.001

MET 0.7 63 46–78 59 56–61 1.5 0.6 0.61 .03

Any 3 1.0 57 47–66 82 79–84 3.1 0.5 0.74 <.001

Abbreviations: AUC, area under the curve; CI, confidence interval; CK, clinical ketosis; DA, displaced abomasum; MET, metritis; RP, retained placenta; Sen, epide-
miologic sensitivity; Spec, epidemiologic specificity.

a Highest combined specificity and sensitivity.
b Likelihood ratio positive.
c Likelihood ratio negative.
Data from Ospina PA, Nydam DV, Stokol T, et al. Evaluation of nonesterified fatty acids and beta-hydroxybutyrate in transition dairy cattle in the northeastern

United States: critical thresholds for prediction of clinical diseases. J Dairy Sci 2010;93(2):546–54.
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1.4 mmol/L.31,32 The cost of this test is approximately US$1.30 per strip and the meter
costs approximately US$30.00.
There are other ketone body tests on the market with varying degrees of sensitivity

and specificity. The Ketostix strip (Bayer Corp, Elkhart, IN) evaluates AcAc in urine.
Relative to serum BHB concentrations of 1.4 mmol/L and higher, the strip had 90%
sensitivity and 86% specificity when read as a “trace,” and when read as “small” it
had 78% sensitivity and 96% specificity.33 A limitation of the test is that only 50%
of the cows could be induced to urinate while sampling. The cost of this test is
$0.20 per strip.
The Ketotest (Sanwa Kagaku Co Ltd, Nagoya, Japan) for BHB in milk when read at

0.1 mmol/L or greater had 73% sensitivity and 96% specificity; at greater than
0.2 mmol/L it had 27% and 99% sensitivity and specificity, respectively, when
compared with serum BHB 1.4 mmol/L or greater.33 The cost is $1.70.
The KetoCheck powder for milk AcAc (Great States Animal Health, St. Joseph, MO),

had a very low sensitivity, ranging from 41% to 2%when reading the test from trace to
large, respectively; but the specificity was high, ranging from 99% to 100%, when
compared with BHB 1.4 mmol/L or greater in serum.33 The cost of this test ranges
from $0.50 to $1.00 per test.
The accuracy of PortaBHB (PortaCheck, Moorestown, NJ), a newer cow-side milk

test, has been reported to have sensitivity and specificity of 89% and 80%when using
a threshold of 100 mmol/L, and 40% and 100% when using a threshold of 2 mmol/L,
compared with a serum BHB concentration of 1.4 mmol/L or greater.34 It costs
approximately $2.05 per strip.

NEFA
At present, NEFA testing is limited to processing blood or serum samples at a diag-
nostic laboratory. The recommended procedure for sample collection and processing
is: collect with ethylenediaminetetraacetic acid or non-anticoagulant tubes, immedi-
ately cool to 4�C, and separate serum within 24 hours.35 Although NEFA values can
be more stable throughout the day in comparison with BHB,36 NEFA values may be
affected by stress at sampling and sample handling, given that in vitro hemolysis
can increase or decrease the NEFA concentration depending on reagents used.37,38

The current cost at the New York State Animal Health Diagnostic Center is $11.00
per sample. However, it is important that when both NEFA and BHB were evaluated
in the same model, NEFA had a stronger association than BHB with the outcomes
of interest.9

Incidence versus prevalence testing
There are 2 measures that can be used to evaluate the amount of NEB in a herd: inci-
dence and prevalence. By definition, incidence is the number of new cases in a given
time, whereas prevalence is the number of existing cases (both new and ongoing) at

Table 2
The risk ratios for developing any diseasea based on NEFA concentrations sampled prepartum
and postpartum and BHB sampled postpartum

Critical Threshold Risk Ratio 95% CI P Value

0.3 mEq/L prepartum NEFA 1.8 1.4–2.2 <.001

0.6 mEq/L postpartum NEFA 4.4 2.6–7.3 <.001

1.0 mmol/L postpartum BHB 4.4 3.1–6.3 <.001

a Any disease indicates displaced abomasum, clinical ketosis, metritis, or retained placenta.
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any point in time. Incidence is more difficult to estimate because it requires testing
animals frequently enough to detect all new cases. Prevalence is simpler to measure
because a simple cross-sectional sample can be taken to estimate it. Understanding
the difference between incidence and prevalence is essential for comparison of on-
farm results with the published literature data, some of which report associations
based on incidence and others on prevalence.
When evaluating NEB, for example, the incidence can be estimated by identifying

new instances of cows with high NEFA or high BHB divided by the number of cows
that have gone through the time period at risk. It is important to stress that to estimate
incidence only cows at risk, that is, those that were not previously positive, should be
tested, and the test must be done frequently enough to identify new cases. The prev-
alence can be estimated by identifying the cows with existing high NEFA or BHB and
dividing this number by the number of animals that were tested. Prevalence can be
estimated by cross-sectional sampling.
When evaluating NEB, the distinction between incidence and prevalence tests is

important because they can yield different results based on the frequency of sampling.
This difference is based on the average duration of disease; for example, the preva-
lence of a disease that has a short duration may be low, whereas the incidence may
be high. In the case of NEB the average duration of subclinical ketosis (SCK; BHB
concentrations �1.2 mmol/L on Abbott BHB meter) was 5 days.39 In this case, a min-
imum of biweekly sampling (of all animals at risk) will be needed to estimate incidence.
If less frequent prevalence testing is done, the prevalence estimate may be half of the
incidence, a large underestimate.39,40

COW-LEVEL ASSOCIATION OF EXCESSIVE NEB AND NEGATIVE DOWNSTREAM
OUTCOMES

When measured approximately 2 weeks prepartum to 2 weeks postpartum, the me-
tabolites NEFA and BHB can be used as markers of excessive NEB; however, of
importance is that some amount of NEB is normal in the transition period. In addition,
although the physiology of NEB may be similar between cows, the transition period is
dynamic and individual variation may be amplified. Lastly, because both NEFA and
BHB are not normally distributed, calculations of standard deviation are inadequate
for the definition of objective thresholds for excessive NEB.
Several research groups have evaluated the association between excessive NEB

and negative downstream outcomes at the individual animal level, and have reported
NEFA and BHB cut-points associated with these outcomes of interest.5,8–14,41 Some
of these cut-points were reported earlier (see Table 1).9,13

Diseases and Culling

The association between elevated NEFA and disease and culling was done in a study
of 67 high-producing herds comprising 1170 multiparous Holstein cows in Michigan.5

This study concluded that cows with prepartum NEFA concentrations greater than
0.3 mEq/L had a higher risk of developing a DA. This study was also one of the first
to report several herd-level risk factors for increased risk of a DA, including summer
and winter season, high-energy forage in the dry period, poor bunk management,
and increased body condition score.
A study involving 25 dairy farms and approximately 1000 cows near Guelph

(Ontario, Canada) also explored the association between excessive NEB and negative
downstream outcomes.10,11,41 ROC curves were used to determine the cut-point for
prepartum NEFA and postpartum BHB above which cows had higher odds of
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developing a DA.41 When prepartum NEFA concentrations were measured 4 to
10 days prepartum, cows with concentrations greater than 0.5 mEq/L had 4.1 greater
odds of developing a DA. The sensitivity, specificity, and LR of this cut-point were
46%, 82%, and 2.6, respectively. The odds of developing a DA in cows with serum
postpartum BHB concentration greater than 1.2 mmol/L measured 1 to 7 DIM were
8 times greater than that of cows below this threshold. The sensitivity, specificity,
and LR of this cut-point were 62%, 82%, and 3.5, respectively. Cows with BHB con-
centrations in milk (Ketotest, Elanco) greater than 0.2 mmol/L had 3.4 greater odds of
developing a DA; this cut-point had 47% sensitivity, 79% specificity, and LR 2.4. In
this study, BHB measured in the postpartum period was a better predictor of the
risk of developing a DA than was NEFA sampled prepartum; however, NEFA in the
postpartum period was not evaluated.41

The effect of elevated BHB concentrations postpartum on both health and milk pro-
duction was evaluated.11 Two-by-two tables for cut-points between 6 and 20 mmol/L
in 2-mmol/L increments were evaluated, and the cut-point with the highest sensitivity,
highest specificity, largest impact, and smallest chance of committing a type I error
was reported. The impact was evaluated through the odds ratio (OR). The ORs for
the development of a DA were 2.6 and 6.2; the BHB concentration cut-points were
1.2 mmol/L and 1.8 mmol/L for week 1 and week 2, respectively. The sensitivity, spec-
ificity, and LR for these cut-points were 44%, 77%, and 1.9 for week 1 and 45%, 88%,
and 3.9 for week 2, respectively. When clinical ketosis (CK) was evaluated as the
outcome, the cut-points were 1.4 mmol/L for both week 1 and week 2. The ORs
were 4.2 and 5.9, and the sensitivity, specificity, and LR were 46%, 83%, and 2.8
for week 1 and 57%, 82%, and 3.1 for week 2, respectively. Only week-1 BHB was
associated with metritis, the cut-point being 1.2 mmol/L; sensitivity was 52%, speci-
ficity 76%, and LR 2.1.
Ospina and colleagues9 studied more than 2700 cows in 100 free-stall dairies in

New York, Pennsylvania, and Vermont. Approximately half the animals were sampled
14 to 3 days prepartum and the other half sampled 3 to 14 days postpartum in a cross-
sectional sample. This study established critical thresholds above which cows were
more likely to develop disease (DA, CK, or RP/MET). The ROC curves were used to
identify the cut-point with the highest sensitivity and specificity, with the presence
or absence of the disease as the outcome (see Table 1).
The prevalence of SCK (BHB concentrations �1.2 mmol/L) was 18%; prevalence of

excessive NEB (defined as having postpartum NEFA �0.7 mEq/L) was 32%. In the
1439 animals sampled prepartum, the prevalence of excessive NEB defined as having
prepartum NEFA of at least 0.3 mEq/L was 34%. Animals with excessive NEB were
twice as likely to be culled within 30 DIM.
In addition to sensitivity and specificity, LR were also reported (see Table 1). The

thresholds with the largest combined sensitivity and specificity associated with the
development of any of the diseases of interest were: prepartum NEFA 0.3 mEq/L or
greater; postpartum NEFA 0.6 mEq/L; postpartum BHB 1.0 mmol/L. The LRs ranged
from 1.2 to 4.9 across different NEFA and BHB cut-points. In the original article9

several different cut-points are reported, including those with higher sensitivity or
higher specificity, so that the reader can select the appropriate cut-point based on
the desired criteria.
In a study including more than 2300 cows in 55 free-stall Holstein dairies across the

United States and parts of Canada, the association between elevated NEFA and BHB
and the development of diseases was studied.10 This study is the first to evaluate on a
large scale the association between prepartum BHB and disease outcomes. The
investigators reported that cows with prepartum NEFA concentrations of 0.3 mEq/L
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or greater had higher odds of developing RP (OR 1.8; 95% confidence interval [CI] 1.3–
2.6; sensitivity 67%, specificity 46%) and metritis (OR 1.8; 95% CI 1.5–2.9; sensitivity
75%, specificity 40%), than cows with prepartum NEFA below this cut-point. Howev-
er, there were some regional differences for metritis. The odds of developing a DA in
animals sampled prepartum with NEFA concentrations of 0.5 mEq/L or greater was
2.9; the sensitivity and specificity of this cut-point were 49% and 75%, respectively.
In animals sampled postpartum, those with NEFA concentrations greater than or equal
to 1.0 mEq/L had higher odds of developing a DA (OR 4.3; sensitivity 51%, specificity
80%). Although this study found a univariable association between elevated prepar-
tum BHB 0.8 mmol/L or greater and increased risk of DA, the sensitivity was low
(22%) and the number of animals at risk was also low, so these findings should be
interpreted with caution.
Most recently, the epidemiology of hyperketonemia (BHB �1.2 mmol/L) was inten-

sively studied in 4 herds (2 in New York and 2 inWisconsin).39 Cows with elevated BHB
concentrations were 19.3 times more likely than nonketotic cows to develop a DA
(P<.001), and ketotic cows were also 3 times more likely to be culled or die within
the first 30 DIM (P<.001).42

Reproduction and Milk Production

The effect of SCK on the probability of becoming pregnant after the first artificial
insemination was studied in 2007.11 It was reported that cows with elevated BHB con-
centrations in the first or second week postpartum were 20% less likely to get preg-
nant after the first insemination; the cut-points were 1.0 mmol/L and 1.4 mmol/L,
respectively. Cows that had concentrations higher than the cut-points during both
weeks were 50% less likely to conceive.
In the first and second week postpartum, the effect of elevated BHB in 25 herds in

Ontario, Canada that did not feed a total mixed ration were evaluated.10 The greatest
impact on milk yield, measured at the first Dairy Herd Improvement Association (DHIA)
test, was seen at 1.4 mmol/L in the first week (milk yield decreased by 1.88 kg/d) and
2.0 mmol/L in the second week (milk yield decreased by 3.3 kg/d).
Milk production was estimated with mature equivalent milk 305 (ME305) from at

least 4 DHIA test days (at approximately 120 DIM) in a study done in 2007.12 Multip-
arous animals with elevated BHB and NEFA concentrations produced less milk. How-
ever, in this study primiparous animals with elevated BHB in the postpartum period
produced more milk. Although the biological basis of this finding is not clearly under-
stood, it is hypothesized that first-lactation animals may mobilize energy resources
such as lipid more readily than multiparous cows because they have to balance main-
tenance, growth, and milk production. The concept of homeorhesis, the orchestrated
or coordinated changes in metabolism of body tissues necessary to support a phys-
iologic state,43 may help explain these findings. The effect of elevated NEFA peripar-
tum and BHB postpartum on reproduction was similar between parity groups. Animals
with prepartum NEFA 0.3 mEq/L or more had a 19% decreased risk of pregnancy,
postpartum cows with NEFA 0.7 mEq/L or more had a 16% decreased risk of preg-
nancy, and those with elevated postpartum BHB 1.0 mmol/L or more had a 13%
decreased risk.
A multicenter study examined the effect of peripartum NEFA and BHB on both milk

production and reproduction.14 In this study, elevated NEFA (�0.5 mEq/L), and
elevated BHB (�0.6 mmol/L) prepartum were associated with reduced milk produc-
tion across the first 4 DHIA tests. Elevated NEFA (week 1 at 0.7 and week 2 at
1.0 mEq/L) and BHB (week 1 at 1.4 and week 2 at 1.2 mmol/L) also resulted in
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decreasedmilk at first DHIA test. There was no association between thesemetabolites
and pregnancy at first artificial insemination.
Most recently, the effect of elevated BHB (�1.2 mmol/L) on reproduction parame-

ters and milk yield was studied.44 There was no difference between ketotic and non-
ketotic cows regarding conception to first service (P5 .55) and time to conception in 3
farms (P 5 .4). However, nonketotic cows produced 0.4 kg more milk per milking
than SCK-positive cows in the first 30 DIM, for a total difference of approximately
1.2 kg/cow/d (P 5 .006).

HERD-LEVEL ASSOCIATION OF EXCESSIVE NEB AND NEGATIVE DOWNSTREAM
OUTCOMES

As already reviewed, objective cow-level thresholds have been determined for
elevated BHB and NEFA concentrations that are associated with disease or a decline
in reproduction and milk production.5,8–14,41 This information allows the identification
of individual cows at risk for these downstream outcomes based on their NEB status
during the transition period. However, despite all of the NEB information available at
the cow level and its association with negative downstream outcomes, individual stra-
tegies for prevention and treatment of NEB in cows are still a challenge.6 Efforts to
improve NEB are better implemented at the herd level, where decisions about nutri-
tional and herd management are routinely addressed.
Unfortunately, parameters to identify herds at increased risk of negative downstream

outcomes as a result of excessive NEB at the individual cow level have not been well
defined.45 In the last 5 years, only 2 large studies have examined the herd-level
associations of serum NEFA and BHB with negative downstream outcomes.46,47

Both of these studies empirically report a critical herd-level threshold, based on individ-
ual animal testing, above which there was an association with negative downstream
outcomes.

Herd Alarm Levels

Tables 3 and 4 summarize the herd alarm levels reported from these studies.46,47 Both
report a herd alarm level based on a proportion of animals above a predetermined cut-
point for the NEFA or BHB concentration. The individual cut-points were determined
from prior studies that investigated the association of elevated NEFA or BHB on indi-
vidual animal outcomes.9–14 The second part of the herd alarm level, the proportion of
animals above the predetermined cut-point, was selected based on the largest
change in the herd-level outcome and lowest chance of committing a type I error
(stating that there is a difference when there really is no difference). The herd-level out-
comes of interest were increased probability of disease, decreased milk production,
and decreased reproduction.
Fig. 4 is a graphic representation of the change in herd-level prevalence of disease

with increasing proportion of animals that were above the cut-point.47 It shows a dose-
response effect; that is, as the proportion of animals that test positive increases, the
disease incidence also increases. In this study, the prevalence of herds with more
than 15% of sampled animals above the metabolite threshold was 75% with prepar-
tum NEFA 0.30 mEq/L or greater, 40% with BHB 1.2 mmol/L or greater, and 65%with
postpartum NEFA 0.70 mEq/L or greater.
To correctly evaluate excessive NEB at the herd level, appropriate sample collection

is critical, and it is important to decide when to sample cows, how many cows to
sample, how often to sample, and how to evaluate the samples, including whether
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it is possible to pool the samples. These questions are of particular importance
because the test results will influence management decisions at the herd level.

Sample Size for a Herd-Based Test

Determining sample size is an important first step in herd evaluation. There is no single
sample size that is appropriate in all contexts; the number of animals to be sampled
must be based on the reason for sampling. Herds can be sampled to estimate the
true or apparent prevalence of a disease or condition. Considerations for sampling
and evaluating data are discussed here, using NEFA and BHB as indicators of NEB.

Estimating population proportion from a sample
The following parameters will determine the sample size needed to estimate the prev-
alence of animals with excessive NEB at the herd level, assuming a near perfect test:

1. Precision, which refers to the reproducibility of the measure and has the greatest
impact on sample size. An estimate with high precision, that is, a small acceptable
bound above and below the estimate, will require a large sample size.

2. Confidence, which refers to the level of certainty with which one wants to estimate
the answer. The more confidence one wants to have in the estimate, the larger is
the sample size required.

Table 3
Herd-level associations of increased metabolite concentrations within 1 week before or after
calving with displaced abomasum (DA), milk production (kg/d at first DHIA test), and
pregnancy at first AI

Proportion of
Animals Above
Cut-Point (%)

Metabolite
Concentration
(Cut-Point)

Sampling Time
(Reference to
Calving) (wk)

Odds Ratio
(95% CI; ±
Standard
Error) P Value

Outcome of
Interest

�25 BHB �1.4
mmol/L

11 2.1 (1–4.2) .04 Odds of
developing DA

�25a BHB �1.4
mmol/L

11 1.9 (1.0–3.3) .04 Odds of
developing DA

�15 BHB �8
mmol/L

�1 �4.4 (	1.7)
kg/d/cow

.01 Milk Production

�30a NEFA �0.5
mEq/L

�1 �3 (	1.5)
kg/d/cow

.04 Milk Production

�20a BHB �8 �1 �5.5 (	1.5)
kg/d/cow

.01 Milk Production

�30 NEFA �1.0
mEq/L

11 0.6 (0.4–0.9) .02 Odds of
pregnancy by
first AI

�50a NEFA �0.5
mEq/L

�1 0.5 (0.2–0.9) .03 Odds of
pregnancy by
first AI

�30a NEFA �1.0
mEq/L

11 0.6 (0.4–1.0) .04 Odds of
pregnancy by
first AI

Abbreviations: AI, artificial insemination; DHIA, Dairy Herd Improvement Association.
a Only multiparous animals were included in the analysis.
Data from Chapinal N, LeBlanc SJ, Carson ME, et al. Herd-level association of serum metabolites

in the transition period with disease, milk production, and early lactation reproductive perfor-
mance. J Dairy Sci 2012;95(10):5676–82.
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Table 4
Herd-level associations of increased metabolite concentrations from animals sampled 3 to 14 days prepartum and 3 to 14 DIM relative to increased risk of
displaced abomasum or clinical ketosis; mature equivalent (ME) 305 milk measured at 120 DIM; and change in pregnancy rate at the herd level measured at
70 days after voluntary waiting period

Proportion of Animals
Above Cut-Point (%)

Metabolite Concentration
(Cut-Point)

Sampling Time
(Reference to Calving)

Change in Outcome
(Standard Error) P Value Outcome of Interest

>15 NEFA �0.27 mEq/L Prepartum 3.6 (	1.3) .006 Change in disease

>15 NEFA �0.70 mEq/L Postpartum 1.7 (	0.8) .04 Change in disease

>15 BHB �1.2 mmol/L Postpartum 1.8 (	0.8) .03 Change in disease

>15 NEFA �0.27 mEq/L Prepartum �282 kg (	91) .002 Difference in ME305 milk

>15a NEFA �0.60 mEq/L Postpartum �288 kg (	159) .07 Difference in ME305 milk

>15b NEFA �0.70 mEq/L Postpartum �593 kg (	107) <.0001 Difference in ME305 milk

>20a BHB �1.2 mmol/L Postpartum �534 kg (	141) .0002 Difference in ME305 milk

>15b BHB �1.0 mmol/L Postpartum �368 (	99) .0004 Difference in ME305 milk

>15 NEFA �0.27 mEq/L Prepartum �1.2 (	0.4) .006 Change in pregnancy rate

>15 NEFA �0.70 mEq/L Postpartum �0.9 (	0.5) .05 Change in pregnancy rate

>15 BHB �1.2 mmol/L Postpartum 0.8 (	0.4) .03 Change in pregnancy rate

a Only multiparous animals included in the analysis.
b Only primiparous animals included in the analysis.

Data from Ospina PA, Nydam DV, Stokol T, et al. Association between the proportion of sampled transition cows with increased nonesterified fatty acids and
b-hydroxybutyrate and disease incidence, pregnancy rate, and milk production at the herd level. J Dairy Sci 2010;93(4):3595–601.
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3. Expected prevalence: Few research groups have reported the prevalence or inci-
dence of SCK and elevated NEFA, albeit at different concentration cut-points for
NEFA and BHB and slightly different sampling windows.
a. For prevalence of SCK a range of 20%,41 31%,48 18%,9 and, most recently,

12%.10

b. The prevalence of elevated NEFA was 37% in the first week and 34% the sec-
ond week postpartum,48 and 32% in.9

4. Number of animals at risk: Not all animals on the farm will be at risk for transition
cow NEB disorders on any given day. Research groups have focused on the period
between 14 to 3 days prepartum and 3 to 14 DIM, and some have narrowed it even
more.
a. Considering a 3 to 14 DIM sampling window, a herd that milks 1000 cows and

has average reproductive performance (thus having approximately 3–4 calvings
per day) will have approximately 35 postpartum animals in the at-risk period.

Table 5 lists the sample sizes necessary in a 1000-cow dairy with 35 animals at risk
or a 2000-cow dairy with 75 cows at risk, with the CI ranging from 75% to 99%, the
desired precision at 	10 and 	5, and the expected prevalence set at 20%.

Evaluating Individual Animal Tests at the Herd Level

Herd-level sensitivity, specificity, and predictive value positive and negative
The herd alarm levels were identified as having more than 15% of sampled transition
animals with BHB concentrations of 1.2 mmol/L or greater.47 Herds above this alarm
level empirically had higher incidence of DA and CK, as well as decreased pregnancy
rate (PR) and milk production. The accuracy of this herd-based test depends primarily
on the underlying true prevalence of the disease being monitored, individual test
sensitivity, and individual test specificity; however, herd-level parameters such as
herd-level sensitivity (HSe), herd-level specificity (HSp), herd-level predictive value
positive (HPV1), and herd-level predictive value negative (HPV�) should also be
evaluated.

Fig. 4. Change in disease incidence at the herd level based on the proportion of animals 3 to
14 DIM with NEFA concentrations 0.7 mEq/L or greater (n 5 805) from herd-level samples (60
herds). Disease is defined as displaced abomasum and/or clinical ketosis.
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The HSe is the probability of a herd being correctly identified as positive when it truly
has excessive NEB, whereas the HSp is the probability of a herd being correctly iden-
tified as negative. The HPV1 estimates the probability that a positive test came from a
positive herd; conversely, the HPV� determines the probability that a negative test
came from a negative herd.

Herd-level diagnostic test accuracy
Although the sensitivity and specificity of tests at the individual animal level are well
understood, the impact of the underlying true prevalence on herd-level sensitivity
and herd-level specificity is more difficult to understand and may deviate from what
is expected.49 At present there is a Microsoft Windows–based program, Herdacc,50

that will estimate the herd-level sensitivity, specificity, and PVs based on individual
test sensitivity, specificity, herd size, sample size, prevalence, and cut-point used to
determine whether a herd is classified as positive or negative. Herdacc uses an
approximation based on the expected number of test-positive animals in the popula-
tion; the cutoff is the minimum number of animals that test positive before the herd is
considered positive.51,52

Based on the previously reported prevalence of elevated BHB concentrations, most
farmswill fall into the category of less than40%prevalence.9,10,41,48 In this category, the
characteristics of the test at the individual animal level may affect the herd-level sensi-
tivity and specificity differently than what is expected. This difference is most apparent
when the test is considered positive based on a proportion of positive animals rather
than an absolute number, which is how the herd alarm level is defined above.
Table 6 shows the results of using the Herdacc software to estimate the HSe for a

herd with the true prevalence ranging from 0.2 to 0.6 in increments of 0.1; the sample
size ranging from 20 to 35; and the cut-point ranging from 3 to 5 (w15% of 20–35,
respectively).47 In this example, the HSe (ie, the probability of correctly identifying
the herd as positive) decreases when a test with low sensitivity (eg, Ketocheck pow-
der, sensitivity 41%) is used and sample size increases, which results in an increase in
the number of positive animals required to identify the herd as positive.
Because the test sensitivity is low, false negatives are increased. In some cases, a

test with a lower specificity may result in a higher HSe, despite a low test sensitivity
resulting from false positives. However, the marginal increase in HSe does not warrant

Table 5
Sample size necessary to estimate the prevalence of animals with elevated energy
metabolites with various numbers of animals at risk, confidence intervals, and desired
precision around the estimate

Animals at Risk Confidence Interval (%) Sample Size (±10)a Sample Size (±5)a

35 75 14 25

35 85 18 28

35 90 20 30

35 95 22 31

35 99 26 33

70 75 17 39

70 85 23 46

70 90 27 50

70 95 33 55

70 99 43 61

a Precision around the confidence interval.
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selecting a test with lower specificity. A test with high sensitivity and high specificity
(eg, Precision Xtra BHB meter, sensitivity 96%, specificity 97%) results in almost
perfect HSe at higher levels of underlying prevalence.
When evaluating herds, a high HSe is desirable because it increases the chance that

a herd at risk for negative downstream outcomes, such as increased disease and
decreased milking and reproductive performance, will be identified. Misclassifying
herds at this level would result in missed opportunities for improvement. When select-
ing individual animal tests to use at the herd level, one must keep in mind that in addi-
tion to the test sensitivity and specificity previously defined, there is another level of
test sensitivity and specificity. This second level refers to the estimated metabolite
concentration cut-point and proportion of animals above that cut-point that defines
a herd as positive or negative. Additional methods, including Bayesian approaches,
are necessary to more precisely define this herd alarm level sensitivity and specificity,
but this requires a very large herd-level sample size. However, a safe assumption is
that the sensitivity and specificity are not 100%. In an effort to minimize the effect
of the uncertainty in this measure, it is recommended that the individual animal test
with the highest combined sensitivity and specificity be used to correctly identify herds
at risk for negative downstream outcomes.

Sources of Error in Herd Testing

Nonrepresentative sample and other confounders
When evaluating herd status based on individual tests, there is an additional potential
bias: not sampling the animals that are at risk and, therefore, not having a represen-
tative sample. It is important that the NEFA and BHB tests used to determine the
risk both at the individual and herd level are based on sampling animals that are
subjectively healthy.
In addition, it is important to focus the sampling time frame. Samples obtained

within a few days of calving will be elevated41 and may not indicate a true excess of

Table 6
Estimation of herd-level sensitivity (HSe) using Herdacc software (with Herdacc option50) for
tests with different individual animal-level sensitivity and specificity in a herd with 1000
animals

Herd Level Prevalence

0.2 0.3 0.4 0.5 0.6

HSe based on individual animal test sensitivity 5 41%, specificity5 99%31 (Ketocheck powder;
Great States Animal Health, St. Joseph, MO)

20a animals sampled 0.27 0.49 0.69 0.83 0.91

35b animals sampled 0.2 0.49 0.74 0.89 0.96

HSe based on individual animal test sensitivity 5 78%, specificity 5 96%29 (Ketostix; Bayer
Corp, Elkhart, IN)

20a animals sampled 0.76 0.93 0.98 1 1

35b animals sampled 0.82 0.97 1 1 1

HSe based on individual animal test sensitivity 5 96%, specificity 5 97%29 (Precision Xtra
meter; Abbott Laboratories, Abbott Park, IL)

20a animals sampled 0.84 0.97 1 1 1

35b animals sampled 0.91 0.99 1 1 1

a Three or more (w15%) animals sampled would need to test positive to call the herd positive.47
b Five or more (w15%) animals sampled would need to test positive to call the herd positive.47
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NEB. For this reason, studies have focused on sampling 14 to 3 days prepartum and 3
to 14 days postpartum.
The current parity of the animal may be a confounder. Both the herd-level studies

reported a difference in the effects of elevated NEFA and BHB between primiparous
and multiparous cows.46,47 It is recommended that primiparous animals be evaluated
separately from multiparous animals, if they are housed and managed separately.

Pooling versus individual animal tests
A data set that evaluated both NEFA and BHB at the individual animal level was used
to estimate the sensitivity and specificity of a pooled testing approach versus using
individual samples to classify a herd as positive or negative for excessive NEB.9

Twelve herds with a minimum of 12 samples were rerun in the laboratory as pooled
and individual samples. Herds were defined as having excessive NEB if the proportion
of individual samples with a metabolite concentration above the threshold was more
than 15% (�2 animals from 12).47 Themetabolite threshold for BHBwas 1.2 mmol/L or
greater. Herds with pooled sample BHB concentrations 1.2 mmol/L or more were
considered to have excessive NEB. A similar evaluation was performed for NEFAs,
the cut-points for NEFA concentration being 0.3 mEq/L prepartum and 0.7 mEq/L
postpartum. Herds with more than 15% of animals with elevated NEFA concentrations
were considered positive, and herds with a pooled concentration of greater than
0.3 mEq/L or greater than 0.7 mEq/L were considered positive.
The results were similar to those of a previous report53; pooled samples were well

correlated with the arithmetical means of individual samples. McNemar’s P value, k,
sensitivity, and specificity were evaluated to compare individual and pooled tests.
Sensitivity and specificity analyses compared the pooled test with the individual tests
(Table 7). When compared with the individual test, the pooled test had a low sensitivity
for correctly identifying herds above the herd alarm level.
The McNemar P value evaluates bias between the 2 tests29; however, in this

example a low McNemar P value is most likely consistent with true differences in
the tests. The McNemar P values were: prepartum NEFA P 5 .03, postpartum
NEFA P 5 .03, and BHB P 5 .008.
The k statistic evaluates the agreement beyond chance between tests.29 The k sta-

tistics for the individual versus pooled tests were low, indicating low agreement be-
tween the tests. The k statistics were: 0.17 (95% CI �0.14 to 0.48) for prepartum
NEFA, 0.25 (95% CI �0.08 to 0.58) for postpartum NEFA, and 0.13 (95% CI �0.08

Table 7
Sensitivity and specificity of pooled samples compared with the proportion of individual
samples

Category Sensitivity (%)
95% CI for
Sensitivity Specificity (%)

95% CI for
Specificity

Prepartum NEFAa 55 24–83 100 16–100

Postpartum NEFAb 50 19–81 100 19–100

BHBc 30 7–65 100 19–100

a Prepartum NEFA: cutoff concentration 0.3 mEq/L.
b Postpartum NEFA: cutoff concentration 0.7 mEq/L.
c BHB: cutoff concentration 1.2 mmol/L.

Data from Ospina PA, Nydam DV, Stokol T, et al. Association between the proportion of sampled
transition cows with increased nonesterified fatty acids and b-hydroxybutyrate and disease inci-
dence, pregnancy rate, and milk production at the herd level. J Dairy Sci 2010;93(4):3595–601.
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to 0.33) for BHB. In addition, the proportion of herds categorized as having excessive
NEB based on individual tests was different from the proportion of herds with exces-
sive NEB based on pooled samples, which was 0.5, 0.4, and 0.3 for prepartum NEFA,
postpartum NEFA, and BHB, respectively.
The sensitivity of the individual versus pooled test for prepartum NEFA, postpartum

NEFA, and BHB was low; however, the specificity was high (see Table 7). Low test
sensitivity can lead to a large number of false negatives, which means that herds at
risk will not be identified and opportunities for improvement may be lost. The wide
CIs for specificity of the pooled test indicate uncertainty about the estimate; additional
herds would need to be tested to improve the accuracy of this estimate.
Pooled samples are good estimates of the arithmetical means of individual samples,

butmaybemisleadingwhenevaluating herdNEBstatus. All animals have anormal base-
line concentration for NEFAandBHB; disease is associatedwithmetabolite levels above
a certain biological threshold.45 At the herd level there is an associationbetween a certain
proportion of animals above that biological threshold and negative downstream out-
comes.47 Although pooled samples to determine herd NEB status may seem desirable
owing to lower laboratorycosts, the lowsensitivity and lackofagreementbetweenpooled
samples and the proportion of affected individuals can lead to an increased number of
false negatives. An increased number of false negatives may result in missed opportu-
nities for improving the health and productivity of transition cows.

NEFA versus BHB testing
AlthoughNEFAcan bemetabolized toBHB in the liver, this is only 1 of several pathways
for NEFA in the cow (see Fig. 1). When animals were sampled simultaneously 3 to 14
DIM for both NEFA and BHB measurement,9 the correlation between NEFA and BHB
was 0.18 (Fig. 5). This finding means that only 18% of the variability in BHB concentra-
tionwas explained byNEFA concentration. The lack of correlationmay be related to the
fact that not all NEFA is metabolized to BHB in all cows in the same way. There could
also be a temporal delay between elevation of NEFAandmetabolism toBHB.However,

Fig. 5. Correlation between simultaneous evaluation of BHB (mmol/L) and NEFA (mEq/L) in
animals sampled 3 to 14 (n 5 783) days postpartum. R2 5 0.1831.

Herd-Level Monitoring 405



further evaluation of the relationship between these 2 metabolites may prove useful in
understanding the biological mechanisms of adaptation or maladaptation to NEB.
At present, the recommendations for testing depend on the purpose of testing and the

current herd situation. Most herds will monitor NEB in transition cows by checking BHB
concentrations with the Precision Xtra meter between 3 and 14 DIM at a frequency
ranging from biweekly to every other week. This strategy is a good one because the
meter is accurate and timely, and the test is inexpensive. Of course another test with
similar test sensitivity and specificity, cow-side friendliness, andcost-effectivenesscould
also be used. However, although BHB is a good predictor of negative downstream out-
comes,NEFAwasabetter predictor in somestudies. Therefore, in herdswhere transition
cowdiseases are higher than expected andBHB test results donot indicate that the herd
is experiencing excessive NEB, evaluation of the prevalence of elevated NEFA, either
postpartum or both prepartum and postpartum, may be warranted.

Sample Frequency

The minimum recommended sampling frequency is before and after a significant
change in management or nutrition is being made. The purpose of this sampling
scheme is 2-fold: first, to evaluate management changes, and second, to allow
prompt action to correct increased NEB at both herd and individual levels. Based
on previous studies, any animal that has an elevated BHB test (BHB �1.2 mmol/L)
should be treated with propylene glycol (300 mL by mouth once daily for 5 days42,44).
In cases where more aggressive monitoring is necessary, additional testing strate-

gies are necessary. To determine whether more aggressive monitoring and, perhaps,

Monitor herd level 
prevalence every 
other week. 

Sample 20 cows that 
are 3 to 14 DIM.

Monitor incidence of 
elevated BHB.

Sample all cows 3 to 9 DIM 
twice a week, e.g., Tuesday 
and Friday, treat positive 
cows with 300 ml of 
propylene glycol for 5 days.

Give 300 ml of 
propylene glycol once 
daily for 5 days 
starting at 3 DIM to
all cows.

Recheck prevalence 
in two weeks.

( 3 , positive cows) (4 to 8/20, positive cows) 

Monitoring and Action Recommendations

Fig. 6. Monitoring recommendations for BHB testing based on herd-level prevalence of
elevated BHB.
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treatment is necessary, an initial sample of the at-risk population is necessary. It is
recommended to sample at least 20 animals at risk, that is, animals 3 to 14 DIM. A
more specific sample size could be based on the parameters in Table 3. Based on
the initial prevalence determined, 3 different testing frequencies are suggested (Fig. 6).
The recommendations for the 3 testing frequencies are based on evaluation of a sto-

chastic Monte Carlo partial budget model using @ Risk, version 6.1.1 (Palisade Corpo-
ration, Ithaca, NY). The model estimates the cost-benefit of various testing and
treating protocols at many different herd-level incidences of SCK using 10,000 itera-
tions. Included in the model are the costs associated with labor to test cows, BHB
test strips, labor to treat cows with propylene glycol, propylene glycol, and feed
cost. Also modeled are the associated gain in milk production, decrease in DA, and
early removal risks of animals treated with propylene glycol.
The estimates used to quantify changes in milk production, decrease in DA, and

early removal risks were based on previous reports.39,42,44 This study was a random-
ized trial that evaluated the effect of propylene glycol on cows with BHB level of
1.2 mmol/L or greater. The cows in this study were sampled 3 times per week to iden-
tify new cases (ie, incidence sampling).
Tables 8 and 9 demonstrate the economic returns based on this stochastic model

per 100 fresh cows, and include: the percentage of the time that the outcome was
positive (ie, >$0 return); the percentage of the time that the return was more than
$500; and the average increase in cash flow. In addition to the economic returns,
the sample prevalence of SCK and estimated incidence are included in these tables.
Table 8 shows the monetary return for testing all animals at risk twice weekly at
various prevalences because the model indicated it was more cost-effective to test
and treat at lower prevalences. Table 9 shows the monetary return for treating all
cows that are 3 DIM at higher prevalences because the model indicated that it
becomes more cost-effective to simply treat all cows rather than spend time and
resources on testing.
The relationship between incidence and prevalence was evaluated by randomly

sampling 20 cows from the control group once a week and then comparing this

Table 8
Stochastic simulation results for testing all cows 3 to 9 DIM 2 times per week and treating
those cows with BHB ‡1.2 mmol/L with 300 mL of propylene glycol orally for 5 days

Sample
Prevalence

Estimated
Incidencea

Percentage of Time
that Outcome is
Positive (%)

Percentage of Time
that Outcome is >$500
per 100 Cows (%)

Mean of
Distribution ($)

15 20 90 18 289

20 30 98 59 618

25 35 99 73 780

30 45 99 88 1108

35 50 99.9 92 1271

40 60 99.9 96.2 1598

45 65 99.9 97.4 1765

50 75 100 98.8 2092

60 90 100 99.5 2582

The expected monetary return is per 100 fresh cows at various incidence levels of BHB�1.2 mmol/L.
a Conservative approximation of incidence (1.5 times prevalence): for ease of interpretation, the

number was rounded down to the nearest 5th or 10th.
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number with the incidence.39,42,44 Although there was some week-to-week variability,
on average the incidence was approximately 1.8 times the prevalence. This associa-
tion is consistent with that shown by other reports.40

Testing strategies
An initial sample for prevalence estimation should be performed following the sample
size guidelines described; for example, test at least 20 at-risk animals who are subjec-
tively healthy and 3 to 14 DIM (see Fig. 6). Any animal with a BHB concentration of at
least 1.2 mmol/L should receive 300 mL propylene glycol for 5 days.42,44

1. If 15% or fewer of the animals sampled (3–14 DIM) have a BHB concentration
1.2 mmol/L or greater, the recommendation is to sample again every other week
to monitor herd-level prevalence of elevated BHB. More frequent sampling may
be indicated when there are significant changes in diet formulation, management,
or environment.

2. If greater than 15% to 40% of the animals sampled (3–14 DIM) have a BHB concen-
tration greater than or equal to 1.2mmol/L, the recommendation is to test all animals
that are 3 to 9 DIM twiceweekly (eg, Tuesday and Friday) and treat all positive cows.
This more frequent testing scheme is warranted to identify and treat most of the
cowswith elevatedBHB, thus reducing their risk of negative downstreamoutcomes.
If at least 2 consecutive prevalence tests independently result in fewer than 15% of
the animals testing positive, one could consider stopping this testing and treating
protocol and monitor the prevalence every 2 weeks as described earlier.

3. If more than 40% of the animals sampled (3–14 DIM) have a BHB concentration of
1.2 mmol/L or greater, the recommendation is to start treating all fresh cows with
propylene glycol at 3 DIM for 5 days. This treatment scheme will help reduce the
negative effects of elevated BHB concentrations in herds with a very high preva-
lence. Recheck the prevalence in 2 weeks to determine the next course of action;
for example one may stop treating all cows and move to the test-and-treat positive
cow scheme, or remain in the treat-all-cows protocol. This monitoring scheme
should continue until at least 2 consecutive prevalence tests independently result
in fewer than 40% of the animals testing positive.

RECOMMENDATIONS

As summarized earlier, several studies have reported that there is an association
between elevated NEFA and BHB and negative downstream outcomes. There are
also several concentration thresholds above which negative outcomes are more

Table 9
Stochastic simulation results for treating all cows with 300 mL of propylene glycol orally for
5 days starting at 3 DIM

Sample
Prevalence

Estimated
Incidencea

Percentage of Time
that Outcome is
Positive (%)

Percentage of Time
that Outcome
is >$500 (%)

Mean of
Distribution ($)

45 65 100 98.1 1860

50 75 100 98.6 2088

60 90 100 99.5 2578

The expectedmonetary return is per 100 fresh cows at various incidence levels of BHB�1.2 mmol/L.
a Conservative approximation of incidence (1.5 times prevalence): for ease of interpretation, the

number was rounded down to the nearest 5th or 10th.
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likely; the chosen NEFA and BHB cut-point used will depend on the level of sensitivity
and specificity that is most important in the situation.
At present, there are only 2 studies that have reported herd alarm levels.46,47 These

herd-level cut-points should be applied in the same way as individual cut-points: if
false negatives are more important, the cut-point with the highest sensitivity (ie, lower
herd alarm level) should be used for evaluation; conversely, if false positives are more
important, the cut-point with the highest specificity (ie, higher alarm level) should be
chosen (see Tables 3 and 4).

Metabolite Testing

NEFA versus BHB
Concentrations of BHB and NEFA are not well correlated when sampled on the same
day; that is, they are not both elevated in the same animal at the same time. In addition,
reports that evaluated both NEFA and BHB more often than not found an association
between NEFA and negative downstream outcomes when the association was not
present with BHB (see Fig. 5).
In general, NEFA was found to be a better predictor of negative downstream

outcomes; however, BHB is easy and inexpensive to measure accurately cow-side
if the appropriate test is chosen. Therefore, BHB should be used as the primary moni-
toring tool, but when there is evidence that the herd is experiencing issues with tran-
sition cows without significant elevation in BHB, NEFA should be evaluated.

Sample Size

When evaluating prevalence, it is recommended to sample at least 20 cows at risk; a
larger sample size will result in a more precise estimate (see Table 5).

Sampling Time Frame

The first time cows are sampled on a farm, the sampling window should include cows
between 3 and 14 DIM. However, when twice-weekly sampling is warranted, this
window is decreased to cows between 3 and 9 DIM.

Sample Frequency, Testing, and Treatment Strategies

Fig. 6 provides an overview of the sampling guidelines based on initial prevalence of
elevated BHB concentrations. Tables 8 and 9 show the expected monetary return
based on the sampling schemes.

Take-Home Message

In conjunction with BHB or NEFA monitoring, it is necessary to continuously evaluate
other herd-level factors that increase the risk of excessive NEB, such as overcrowd-
ing, lack of heat abatement, excessive pen moves, excessive energy in dry cow diets,
and unbalanced dietary protein. The goal is to prevent excessive NEB and to use these
testing and monitoring guidelines to evaluate the effectiveness of the program, or
make changes based on objective measures of the success of the dairy.
The metabolites NEFA and BHB can be used as markers of NEB, owing to the rela-

tionship between energy demands, energy reserves, and the metabolic association
between NEFA and BHB.
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Use of the Liver Activity Index and
Other Metabolic Variables in the
Assessment of Metabolic Health
in Dairy Herds

Giuseppe Bertoni*, Erminio Trevisi, PhD

INTRODUCTION

Most metabolic diseases (milk fever, ketosis, retained placenta, and displacement of
abomasum) of dairy cows occur within the first 2 weeks of lactation.1 In the same
period the majority of infectious diseases (eg, mastitis, metritis) also occur. Further-
more, some other metabolic diseases that manifest clinically later in the lactation
(eg, laminitis) can be traced back to metabolic insults that occurred during early
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KEY POINTS

� Metabolic profiling as a tool to diagnose the nutritional-management causes of health
problems in dairy farms is of limited use except as part of an integrated diagnostic system
(first-step evaluation of the whole farm and animal conditions followed, if needed, by the
second step, metabolic profiling).

� Rather than general profiling of animals across several lactation stages, targeting animals
in the transition period appears to have more promise as a valuable tool in the manage-
ment of dairy cow health.

� The development of metabolic indices for application during the transition period is
challenging because of the tremendous physiologic changes taking place during this time.

� Reference ranges need to be developed in a way that take into careful account the interval
between calving and blood sampling.

� Composite indices based on multiple variables, including variables associated with
inflammation, have promise for use as an aid in the diagnosis and correction of manage-
ment and nutritional problems on dairy farms.
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lactation (ie, rumen acidosis as suggested by Nocek2). One of the reasons, particularly
of the higher frequency of infectious disease, is the immune depression typical of this
period.3 This depression is often attributed to energy deficiency, and is related to
higher serum concentrations of nonesterified fatty acids (NEFA) and b-hydroxybutyric
acid (BHBA).4 There is therefore a close relationship between metabolic and infectious
diseases; both of these types of disease may lead to inflammation, which can be
responsible for lower milk production and impaired fertility.5,6 Poor reproductive per-
formance, like poor health and production, may also be traced back to problems
occurring in the transition stage.
The ever increasing milk yields of modern dairy cows are generally considered as an

important risk factor in the development of metabolic disease. However, this is only
partly true because nutritional (inadequate feed intake) and environmental stressors
are also of relevant importance.7 This issue has been recently discussed with respect
to the apparent antagonistic association between milk production and fertility.8 The
investigators suggest that in the case of multifactorial associations, such as those
between milk yield and fertility, it is essential to understand the complexities of the var-
iables affecting fertility (i.e. the relationships between milk production, nutrition, and
metabolic diseases). Then, it is of paramount importance, particularly for high-yield
cows, to exercise great care in feeding9,10 and management so as to minimize multiple
stressors.11

Consequently, there is intense interest in nutrition and management during the tran-
sition phase4,12 and perhaps some time before (eg, at the end of previous lactation to
avoid overfattening). Attention to feeding details and adherence to recognized nutri-
tional guidelines13,14 is the first step in managing metabolic disease. However, addi-
tional strategic tools may be useful in reducing the overwhelming risks during the
transition period, one of which is appropriate application of blood analysis. There
are 2 main aims in such analyses:

� Herd-level evaluation to assess overall feeding and management adequacy in
dry and early lactation periods

� Cow-level evaluation to assess the status of individual animals relative to clinical
or subclinical disease, the objective being to monitor herd incidences of disease
and to provide an opportunity for early treatment of prophylaxis

HERD-LEVEL METABOLIC EVALUATION

Historically the use of blood analysis to evaluate the metabolic health of cows can be
traced back to Payne and colleagues15 and their metabolic profile, which can be
considered a presymptomatic diagnostic tool to prevent metabolic disorders and dis-
eases in dairy farms. This approach was later almost abandoned, owing to cost and
insensitivity relative to nutritional inadequacies.16 Today it seems counterintuitive to
view metabolic profiles as a means of ration evaluation because precise means of
ration formulation and evaluation are otherwise available.17 By contrast, there is oppor-
tunity to use blood analysis as the last step in an Integrated Diagnostic System (IDS) to
solve nutrition-management problems at the farm level. The first step is the collection
of available data concerning the herd, namely feeding, management, performance,
environment, body condition score (BCS), disease frequency, or any other problem,18

thus avoiding new analysis. This approach obviously implies that blood profiling (sec-
ond step) is recommended for the diagnosis and evaluation of problems not identified
in the first step. Blood profiling would be used only when other more simple and less
expensive diagnostic tools have failed. To properly interpret metabolic profiles, Bertoni
and colleagues18 suggest well-standardized techniques for sample collection and
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analysis, as well as an appropriate approach to the evaluation of blood changes based
on their biochemical meaning and on specific reference values. For this purpose,
namely to evaluate the metabolic status in cows without clear clinical signs of disease,
the variation in blood analyte concentrations associated with subclinical abnormalities
will not be as extreme as in the case of clinical disease. Thus, meticulous attention
should be given to the avoidance of extraneous causes of variation in blood variables
in the use of reference ranges specifically established for this purpose.

Minimizing Extraneous Sources of Variation in Blood Analyte Concentrations

Animal selection and sampling
Sources of variation other than those expected in response to metabolic or nutritional
challenges, that is, the response variables of interest, may be minimized by proper
animal selection, proper timing of sample collection, and proper sample handling after
collection. Animals showing signs of clinical disease should not be selected when
sampling for herd-level evaluation. Clinical disease frequently causes secondary
changes in blood variables that can interfere with herd-level interpretation. Further-
more, timing of sampling relative to feeding is important, as there is prandial variation
among several metabolites of interest including glucose, NEFA, and BHBA as well as
among some hormones such as insulin, thyroid hormones, and growth hormone.19,20

Prandial effects may be reduced when totally mixed rations (TMR) diets are available
continually throughout the day,21 but even in these types of feed delivery systems it is
most desirable to sample just before daily delivery of fresh feed. During restraint and
sample collection animals should remain as calm as possible to avoid stress-related
changes in blood variables. For some variables, sampling site (jugular, mammary, or
coccygeal vein) is also a potential cause of extraneous variation. Selection of sampling
site may also affect the risk of sample hemolysis (higher in tail samples), which should
be avoided.22 Box 1 lists specific instructions for animal selection and sampling.

Sample analysis Analytical techniques are often beyond the control of the clinician,
but it is advisable to understand the control procedures used by the laboratory. The
use of bovine-origin control samples is recommended, as is the use of 1 or 2 commer-
cial standards for the calibration of equipment.23

Interpretation
For interpretation of analytical results it is important to have a clear understanding of
the physiologic influences affecting the concentration of blood analytes, and how
these influences are affected by nutritional status and physiologic state. In addition,
it is critical to have appropriately constructed reference intervals available.
To illustrate that the relationship between blood metabolite concentrations and

nutrition is not always simple or direct, the following examples are offered:

� Blood urea is not an index of rumen ammonia concentration only, as is often sup-
posed.24,25 Aminoacidoxidation is alsoan important factor.26,27 Thus, a high intake
of any protein source tends to increase blood urea concentration (Fig. 1).

� The sudden and marked decrease in serum zinc concentration, and partly of
serum calcium concentration, is generally due to inflammatory phenomena,28,29

almost never due to deficiency.
� Reduced serum concentrations of albumin, cholesterol, and vitamin A can at
least partly be a consequence of a reduced liver synthesis of usual proteins;
lower lipoprotein concentrations result in lower serum cholesterol, and lower
serum retinol-binding protein concentrations result in lower vitamin A. This situ-
ation can occur during an acute-phase reaction that diverts the activity of the liver
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to the synthesis of other proteins such as haptoglobin, fibrinogen, C-reactive pro-
tein, ceruloplasmin, or metallothionein, instead of the aforementioned more
normal hepatic protein products.16,30

� Glucose, NEFA, andBHBA are useful as energy indicators, butmainly at the end of
pregnancy and in the first weeks of lactation, or in the case of great and prolonged
energy deficiencies, the latter being an infrequent occurrence in dairy cows.

Fig. 1. Sources of the ammonia nitrogen in the liver of ruminants and regulatory mecha-
nisms of the protein metabolism. GH, growth hormone; T3, Thyroid hormone.

Box 1

Instructions to collect blood samples from dairy cows for a proper assessment of themetabolic

profile

1. Select 6 to 8 cows between 25 and 80 days inmilk, when the health problems of farm concern
mainly fertility, lameness, mastitis. Select 6 to 8 cows during the dry period (between 30 and
10 days before the expected date of the calving), when the health problems of farm concern
the puerperium (milk fever, retained placenta, metritis, ketosis, displaced abomasum)

2. Exclude from bleeding the sick cows (affected by lameness, mastitis, diarrhea, and so forth)
or the cows with an irregular feed intake

3. Withdraw the blood samples immediately before the main morning meal: before the Total
Mixed Ration distribution or before the administration of forages (in case the feeds are
administered separately)

4. Maintain unchanged feeding habits in the days before the blood sampling (including the
day of sampling)

5. Avoid any physical effort, fear, or anxiety in cows during their capture. Any stress should be
transient and limited to a few seconds during the blood sampling.

6. Collect about 10mL of whole blood from each cow, preferably from the jugular vein and in a
vacuum tube, containing lithium heparin as anticoagulant (gently mix after the sampling).
Alternatively, sampling from the caudal vein is permitted, but should be done with caution
to avoid hemolysis or mixing with the arterial blood (as much as possible).

7. Cool down the sample very quickly in iced water and centrifuge the samples as soon as
possible (at least within 2 hours from the collection).

Courtesy of Institute of Zootechnics, Università Cattolica S. Cuore, Piacenza, Italy.
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� Among minerals, only P (inorganic), Mg, Se, and I can be monitored in blood to
establish their dietary availability.

The use of reference values specific to the metabolic profile application is a critical
point. In fact, given the aims, which are to detect herd-level deviation of blood values
in clinically normal cows, one cannot use the usual clinical biochemistry reference
values, which are designed to identify animals with clinical illness. For many years31

our Institute has maintained that reference values for the interpretation of dairy herd
metabolic profiles must be obtained with proper trials, performed on clinically healthy
animals, correctly fed and managed, and also (we can add today) without important
inflammatory events. The same concepts have been substantially expressed by the
International Federation of Clinical Chemistry (IFCC) for humans, through many contri-
butions to the theory of reference values (1987–1991). In particular, IFCC rules suggest
that “reference values from an individual or a group of individuals are only meaningful
when the individual(s) and method of production of values are adequately described.”
Consequently, to obtain these appropriate reference values for herd-level metabolic
profile interpretation, a population of reference herds must be established. These
herds should be well managed, appropriately fed, and with a low frequency of clinical
diseases. Furthermore, the selection of animals, method of sample collection and
handling, and methods of sample analysis should all be standardized, as already dis-
cussed. Using these criteria, the reference values obtained for dairy cows are shown in
Table 1.32 These values may vary depending on the physiologic stage (dry vs fresh) or
age (primiparous vs multiparous) of animals.
To conclude this section it must be emphasized that, despite the several cautions

suggested to minimize extraneous variation of blood values and to increase the valid-
ity of data interpretation, the usefulness of this type of metabolic profile in the farm
context is doubtful. The main reason is inherent in the relationship between dietary
errors and blood variables. If the errors are small, as happens in modern dairy farms
and particularly in dry and lactation periods, excluding the transition period, the
related blood variations are often ambiguous. By contrast, if the errors are consider-
able, blood changes can be better appreciated, but such nutritional errors might be
more easily identified through animal performance and diet evaluation.
Nevertheless, the metabolic profile (blood analysis) could be included in an IDS

aimed to solve any kind of farm problems.18 The first step is to create a precise clin-
ical evaluation of the farm (management conditions for animals, health problems,
feeds and diets, animal characteristics [eg, BCS, cleanliness, teat score], digestive
function [rumination, fecal characteristics], milk yield and quality [eg, fat, protein,
somatic cells number], animal behavior, and so forth. The metabolic profile, as a
second step, could be a useful complement for the better understanding of more
difficult situations such as subclinical inflammations (see the following sections of
this article and the article by Sordillo and colleagues elsewhere in this issue), which
can be the consequence of nutritional errors (eg, excess of energy, deficiency of
specific nutrients), digestive disorders, and infections. Inflammation, as may be pre-
sent at a low grade, represents a metabolic disease risk per se and may interfere
with nutrition balance.

Special Laboratory Procedures for Evaluation of Health in Transition Cows

In dairy cows, the first phase of lactation is characterized by a high incidence of dis-
eases such as mastitis and endometritis,33 and also metabolic disorders, particularly
in high-producing dairy cows.34 These metabolic disorders can have their root cause
in the last weeks of pregnancy. The several diseases are related to each other, and the
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Table 1
Plasma reference values of some blood parameters in dairy cows categorized in accordance to the parity and the lactation stage

Plasma Parameter
Units of
Measurement

Dry Cows

Lactating Cows (25–80 d in milk)

Multiparous Primiparousa

68% 95% 68% 95% 68% 95%

Hematocrit L/L 0.29–0.34 0.27–0.36 0.27–0.31 0.25–0.33 0.28–0.32 0.26–0.34

Glucose mmol/L 3.64–4.06 3.43–4.26 3.67–4.08 3.46–4.28 3.76–4.22 3.55–4.41

NEFA mmol/L 0.13–0.37 @ 0.03–0.46 0.12–0.38 @ 0.01–0.52 — —

BHBA mmol/L 0.19–0.33 0.12–0.40 0.23–0.45 @ 0.16–0.65 — —

Total cholesterolb mmol/L 2.19–3.06 @ 1.82–3.77 3.84–5.81 2.90–6.76 — —

Total cholesterolc mmol/L — — 4.78–6.73 3.85–7.66 — —

Triglycerides mmol/L 0.17–0.28 0.12–0.34 0.08–0.12 0.07–0.13 — —

Creatinine mmol/L 101.4–128.9 88.1–142.1 82.8–98.5 75.3–106.0 — —

Urea mmol/L 2.74–4.31 1.99–5.07 4.41–5.97 3.67–6.71 — —

Calcium mmol/L 2.42–2.61 2.33–2.71 2.38–2.59 2.28–2.69 — —

Inorganic phosphorous mmol/L 1.72–2.20 1.60–2.83 1.57–2.17 1.28–2.46 — —

Magnesium mmol/L 0.88–0.96 0.84–1.00 0.91–1.03 0.85–1.08 — —

Sodium mmol/L 142.1–147.9 139.4–150.7 141.1–145.5 @ 139.0–147.7 142.4–146.0 140.7–147.7

Potassium mmol/L 3.86–4.62 3.50–4.99 3.67–4.64 3.21–5.11 — —
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Chlorine mmol/L 105.1–110.0 102.7–112.3 100.2–106.6 @ 94.7–109.0 102.3–107.4 99.8–109.8

Zinc mmol/L 13.7–18.5 11.5–20.7 11.5–16.3 9.2–18.6 — —

Ceruloplasmin mmol/L 2.18–3.11 1.74–3.55 2.19–3.15 1.73–3.62 — —

Total protein g/L 73.9–82.2 @ 68.8–85.0 77.0–84.9 73.3–88.6 74.8–82.7 71.0–86.5

Globulin g/L 38.5–48.9 33.6–53.8 41.5–51.2 @ 38.3–57.6 37.7–49.3 @ 37.6–54.7

Albumin g/L 34.6–36.2 @ 33.8–37.0 33.3–35.0 @ 32.3–35.9 — —

GOT/AST IU/L (at 37�C) 50.6–72.1 @ 46.5–82.6 67.1–89.6 @ 61.1–103.0 — —

GGT IU/L (at 37�C) 21.0–30.9 @ 17.8–38.0 25.3–34.5 @ 20.8–45.1 23.4–31.5 @ 20.8–37.3

Alkaline phosphatase IU/L (at 37�C) 34.1–57.3 @ 27.3–72.9 34.5–55.8 27.3–70.0 50.9–74.1 39.8–85.2

LDH IU/L (at 37�C) 1307–1779 1081–2005 1469–1987 1220–2236 1640–2195 1374–2461

GSH-Px mU/mg Hb 27.7–68.3 8.2–87.8 26.5–66.3 7.4–85.4 — —

The reference values are calculated in 68% and 95% of the population, respectively. @: normalized parameter.
Abbreviations: AST, aspartate aminotransferase; BHBA, b-hydroxybutyric acid; GGT, g-glutamyltransferase; GOT, glutamate oxaloacetate transaminase; GSH-Px,

glutathione peroxidase; LDH, lactate dehydrogenase; NEFA, nonesterified fatty acids.
a For the primiparous cows, only shown are the reference values statistically different in comparison with multiparous cows.
b Diets without fat supplementation.
c Diets with fat supplementation.
Data from Bertoni G, Calamari L, Trevisi E. Nuovi criteri per l’individuazione dei valori di riferimento di taluni parametri ematici in bovine da latte. La Selezione

Veterinaria 2000;Suppl:S261–8.
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existence of one disease can increase the risk for others and vice versa. This relation-
ship explains the typical syndromes of multiple diseases occurring during the peripar-
tum period. It also illustrates the challenge in properly separating the root sources of
each problem, which is essential in diagnosing the fundamental causes of disease.
This complexity leads to the observation of Chapinal and colleagues35 that “maintain-
ing health and productivity in the transition period is one of the most difficult chal-
lenges that dairy herds face.” Moreover, the importance of meeting this challenge
becomes even more critical because the occurrence of metabolic diseases in early
lactation is strongly and negatively associated with subsequent fertility.6,36 Again
this suggests the diagnostic utility of metabolic indicators that could be “. associated
with herd-level incidence of retained placenta, metritis and displaced abomasum, milk
production, and probability of pregnancy at the first artificial insemination.”35

Blood variables as metabolic indicators could be useful as monitors of metabolic
health, but the situation is very complex because the causes and effects of
transition-cow diseases occur within the framework of the tremendous physiologic
changes (endocrine and metabolic) characteristic of the transition period. These phys-
iologic changes are part of some complex mechanisms needed, first to prepare the
cow for parturition and lactogenesis, and then to achieve the homeorhetic changes37

required to sustain milk synthesis despite negative nutrient balance.
In this context, the better known blood changes concern those of glucose, NEFA,

BHBA, and urea (Fig. 2),38 indices of energy and protein balance; nevertheless, the
recent articles of Chapinal and colleagues35 and Lomander and colleagues36 have
concluded that, despite their usefulness, the suggested indices (NEFA, BHBA, and
Ca) need further research to understand how the thresholds can be applied or which
is the best protocol for blood sampling (see also the article of Opsina and colleagues
elsewhere in this issue for a discussion of use and interpretation of serum NEFA and
BHBA concentrations in transition cows). A potential confounding factor in the inter-
pretation of serum NEFA, BHBA, and other metabolite concentrations is the presence
of inflammation and inflammatory mediator substances. Whereas metabolic events
can influence inflammation (see the article by Sordillo and colleagues elsewhere in
this issue), inflammatory variables are only partly associated with metabolism. Inflam-
matory variables are, however, strongly associated with health during the transition

Fig. 2. Pattern of changes of plasma nonesterified fatty acids (NEFA), b-hydroxybutyric acid
(BHB), and urea during the last month of pregnancy and the first 4 months of lactation in
healthy multiparous dairy cows. (From Bertoni G, Lombardelli R, Piccioli-Cappelli F, et al.
Main endocrine-metabolic differences between 1st and 2nd lactation of the dairy cows
around calving. J Anim Sci 2010;88:E-Suppl 2/J Dairy Sci 2010;93:E-Suppl 1/Poult Sci 2010;
89:E-Suppl 1, 116.)
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period.5,39,40 Recent observations of Van Knegsel and colleagues41 concerning the
concentrations of natural antibodies in blood further support the association of meta-
bolic and inflammatory conditions in transition dairy cows. This aspect is of great
interest for several reasons. Inflammatory conditions, not only clinical but also subclin-
ical, occur very often in the transition period and can result in lower milk yield and
fertility.5 Furthermore, inflammation may contribute to reduced feed intake (dry matter
intake [DMI]) and efficiency of energy use,42,43 all of which could contribute to chal-
lenges to metabolic adaptation and health.
For all these reasons, blood variables associated with inflammation may be valuable

additions to metabolites in the assessment of metabolic disease risk in transition dairy
cows. It is important to remember, however, that the interpretation of such analyses
requires appropriate reference ranges and an understanding of the underlying physi-
ology associated with each analyte.

Inflammation, liver activity, and cow response
Inflammation is not important in clinical disease only; it can in fact occur in and cause
subclinical health problems.5 Furthermore, the subclinical effects of inflammation may
become particularly important in the transition period because they adversely affect
other physiologic and metabolic events occurring at this time, including low DMI,
increased lipomobilization, impairment of liver function, increase of energy expendi-
tures, and so forth.44 Therefore any cause of inflammation immediately before and af-
ter calving, such as infections, metabolic diseases, trauma, digestive disorders, heat
and oxidative stress, dystocia,45–49 should be avoided. Furthermore, subclinical
inflammation may have adverse effects on metabolism, resulting in a higher risk for
ketosis50 and fatty liver.51 Hence attention to blood variables associated with inflam-
mation may aid in the diagnosis of primary causes of health problems and poor per-
formance, not only in early lactation but later when cows are to be bred.
In the last 30 years, the authors’ institution has performed experiments aimed at

determining the association between inflammation andmeasurable blood composition
variables (see Fig. 3), and also with cow performance.29,52–57 In general, the indices of
inflammation are mainly the acute-phase proteins (APP) of liver origin (see Fig. 3).
These proteins are designated as positive APP, including haptoglobin, C-reactive
protein, serum amyloid A, ceruloplasmin, among others; or negative APP, including
albumin, lipoproteins, retinol-binding protein (RBP), cortisol-binding globulin, and
some enzymes and other proteins usually synthesized by the liver. The serum concen-
trations of the positive APP are increased, for a short period, when the liver is activated
by proinflammatory cytokines, whereas the serum concentrations of the negative APP
are contemporaneously decreased. In the case of the negative APP the change in
serum concentration is usually of longer duration than the corresponding change in
positive APP concentrations.58 Cappa and colleagues59 observed that changes in
serum APP concentrations occur quite often around calving and for several different
reasons, many of them subclinical.5

It is therefore worthwhile to determine the pattern of changes in serum APP, as well
as in metabolite concentrations, in the dry period and early lactation of normal cows
(Figs. 2,4,5). Of the variables in Fig. 4, haptoglobin and ceruloplasmin are positive
APP, whereas serum zinc is reduced, reflecting its sequestration in liver tissue in
response to inflammation. In Fig. 4 a difference in the temporal pattern of changes
is observed. Haptoglobin concentration responds quickly and dramatically within a
few hours of the inflammatory event (in this case linked to parturition); its serum con-
centrations then return to baseline relatively quickly. Serum zinc concentrations follow
a temporally similar pattern of change, although opposite in direction of change.
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In healthy cows there are normally low concentrations of haptoglobin, 0.1 to 0.15 g/L
except during the peripartum period. After calving a peak occurs around 7 days in milk
(DIM), at which time serum haptoglobin concentrations can reach 0.4 to 0.5 g/L; this is
followed by a reduction to precalving values in 3 to 5 weeks (see Fig. 4). After calving,
serum zinc concentrations typically decline quickly from normal values of 13 to
14 mmol/L (0.85–0.92 mg/mL) to 10 to 11 mmol/L (0.65–0.72 mg/mL). These concentra-
tions return to precalving values quickly. Ceruloplasmin (and consequently serum
copper) concentrations change more slowly in response to inflammatory events,
such as around calving, and also return more slowly (months) to pre-event values.
These small changes in serum concentrations of positive APP, as well as the recip-
rocal changes in negative APP, can be attributed to the small and short-lived inflam-
matory stimulus associated with calving. The degree of change illustrated in Fig. 4 can

Fig. 3. Causes of the tissue damage and of the inflammatory response, with or without
infectious events. Systemic consequences of the inflammation are deviation of the liver syn-
thesis of the acute-phase proteins: increase of the positive ones and reduction of the nega-
tive ones. ACTH, corticotropin; IL, interleukin; TNF, tumor necrosis factor.
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be considered physiologic, in healthy cows. Nevertheless, some cows do not show
any significant change of positive APP (not more than 15–20% of cow population in
our experience).
Serum concentrations of selected negative APP (albumin, cholesterol, and bilirubin)

are shown in Fig. 5. Serum cholesterol concentration is an index of the serum concen-
trations of lipoproteins of intestinal and hepatic origin.60 Hence their values are grad-
ually reduced during the dry period when total feed intake and lipid content of the diet
are relatively low. The average values for serum cholesterol of healthy cows at calving
time are 2.2 to 2.5 mmol/L (85–96 mg/dL); afterward values remain relatively constant
for the first few days, after which a fairly quick increase occurs. Values at the end of
the first month to 6 weeks of lactation are typically greater than 4.5 to 5.0 mmol/L
(174–193 mg/dL), and may be even higher depending on the lipid concentration of
the diet. In normal cows, serum albumin concentrations remain relatively constant in

Fig. 4. Pattern of changes of plasma haptoglobin, ceruloplasmin, and zinc during the last
month of pregnancy and the first 4 months of lactation in healthy multiparous dairy
cows. (From Bertoni G, Lombardelli R, Piccioli-Cappelli F, et al. Main endocrine-metabolic
differences between 1st and 2nd lactation of the dairy cows around calving. J Anim Sci
2010;88:E-Suppl 2/J Dairy Sci 2010;93:E-Suppl 1/Poult Sci 2010;89:E-Suppl 1, 116.)

Fig. 5. Pattern of changes of plasma albumin, cholesterol, and total bilirubin during the last
month of pregnancy and the first 4 months of lactation in healthy multiparous dairy cows.
(From Bertoni G, Lombardelli R, Piccioli-Cappelli F, et al. Main endocrine-metabolic differ-
ences between 1st and 2nd lactation of the dairy cows around calving. J Anim Sci
2010;88:E-Suppl 2/J Dairy Sci 2010;93:E-Suppl 1/Poult Sci 2010;89:E-Suppl 1, 116.)
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the last part of pregnancy (35–36 g/L), then show a short and modest reduction in early
lactation, followed by a slight increase (36–37 g/L).
Bilirubin (see Fig. 5) is not a protein, but its clearance is due to liver enzymes.61 The

values in healthy cows show a slight increase immediately before calving and a
marked one in the next 7 DIM, with a peak close to 6.0 mmol/L (0.35 mg/dL) followed
by a quick reduction and a return to dry-period values after 4 to 5 weeks of lactation
(w2 mmol/L, 0.12 mg/dL).38 The increase of bilirubin can be mainly attributed to the
lower synthesis of enzymes responsible for its clearance. Accordingly, the authors
therefore consider changes in bilirubin concentration to reflect changes in the synthe-
sis of these enzymes in the pattern of a negative APP.
Other negative APP include RBP (vitamin A) and paraoxonase.30 Serum vitamin A

(retinol) concentration, as an index of RBP concentration, is typically slightly reduced
in the last days of pregnancy, but remains higher than 40 mg/100 mL. In the first 7 to
10 days of lactation serum vitamin A concentrations continue to decline (30–35
mg/100 mL), with values quickly increasing to 60 to 65 mg/100 mL at the end of the first
month of lactation.5 A small effect in these variations can be attributed to lipoproteins,
but are largely the consequence of serum RBP concentration changes attributable to
changes in hepatic synthesis rate,62 which may be modified by inflammation. Paraox-
onase is an enzyme, mainly synthesized in the liver, which functions to counteract
oxidative metabolites. It is bound to lipoproteins and appears to protect them from
oxidative damage. The pattern of changes in its serum concentration relative to
calving is close to that shown by vitamin A (RBP), and is probably influenced by similar
factors regulating hepatic protein synthesis. Serum paraoxonase values are close to
80 U/mL at calving; a small reduction occurs after parturition (70–75 U/mL), followed
by a rapid increase to 90 to 100 U/mL in the first 3 to 4 weeks of lactation.30

From the foregoing discussion it can be appreciated that there may be diagnostic
utility in the measurement of APP, either positive or negative, in the evaluation of
health in transition dairy cows. However, it should be just as obvious that great
care would need to be applied in the interpretation of such data because there
are clear puerpueral effects on these variables, making the interval between calving
and sample collection critical for interpretation. Furthermore, interpretative evalua-
tion must consider the temporal differences in the rate and duration of response of
the various APP, as the response is rapid and of short duration for some APP while
being slower but of longer duration for others. This temporal consideration creates a
particular challenge when one considers that in most instances the objective is to
evaluate the effect of a disease incident, the exact time of occurrence of which is
unknown. The effect of these temporal differences is to make the more slowly
reacting negative APP of potentially more diagnostic value than the positive
APP.5,63 Lastly, it should be appreciated that although the presence of increased
serum APP concentrations indicates the occurrence of an undesirable event, the
positive APP themselves may be part of a general protective mechanism in the
face of inflammation.64

COMPOSITE INDICES OF INFLAMMATION

Taking into account the aforementioned challenges in the diagnostic interpretation of
serum APP concentrations, the authors have been working on composite indices of
transition-cow health using multiple APP concentration values taken over time. The
first complex index evaluated includes 3 negative APP, the most useful according
to preliminary observations. This index, designated the Liver Activity Index (LAI), has
been previously described by Trevisi and colleagues65 and is outlined in Box 2.
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To validate this index as an indicator of inflammation in transition cows, Bertoni and
colleagues5 retrospectively ranked the cows of 3 farms into quartiles according to their
LAI. In the lower quartile 48% of the cows were identified with a clinical problem,
whereas in the upper quartile only 5% of the animals had clinical problems. Moreover,
the lower vs. upper quartile cows showed:

� Lower milk yield and lower fertility
� Higher haptoglobin at 7 DIM
� Higher serum NEFA and BHBA concentrations. These indices of negative energy
balance confirm the higher losses of BCS, but might contradict the lower milk
yield. Nevertheless, despite not being directly measured, a lower DMI has also
been suggested for low LAI cows. Lower DMI was in fact demonstrated by Trevisi
and colleagues43 in cows with low LAI. Furthermore, Trevisi and colleagues43,44

Box 2

The Liver Activity Index (LAI)

The LAI includes the average blood level at 7, 14, and 28 days in milk (DIM) of albumin, lipo-
proteins (indirectly measured as total cholesterol), and retinol binding protein (RBP, measured
as retinol whose level in blood is strictly related to RBP synthesized by the liver). Data from
these blood parameters are transformed into units of standard deviation for each cow as
follows:

� The mean values of the herd population of each plasma parameter (albumin, total
cholesterol, and RBP) is subtracted from each cow value at 7, 14, and 28 DIM and divided
by the corresponding standard deviation.

� The final LAI score for each cow is the arithmetical mean of the 3 partial values obtained from
the 3 selected blood indices from 3 bleedings.

� The LAI values represent an estimation of the consequence of an inflammation that occurs at
or around calving time in each cow checked within a defined herd.

� Thus, evaluating the LAI within a herd allows the retrospective ranking of the successful
transitioning of cows through calving.

Example of the calculation of LAI

Herd DIM
Albumin
(g/L)

Unit of
SD

Cholesterol
(mmol/L)

Unit of
SD

Vitamin A
(mg/100 mL)

Unit of
SD

Average of herd 34.05 2.92 27.36
SD of herd 2.67 1.02 11.36
Cow XXX 7 33.00 �0.39a 1.16 �1.73 11.82 �1.41

14 34.50 0.17 2.21 �0.69 21.77 �0.51
21 34.10 0.02 3.23 0.31 24.51 �0.26

Partial value �0.07 �0.70 �0.72
LAI Average of the 3 partial values (albumin, cholesterol, vitamin A)

5 [(�0.07) 1 (�0.70) 1 (0.72)]/3 5 �0.49

Abbreviation: SD, standard deviation.
a Example of calculation of the partial index at each day: [(level of the albumin in at 7th DIM)

� (average of the albumin in the herd)]/(SD of the albumin in the herd); that is: (33.0 � 34.05)/
2.67.
From Trevisi E, Calamari L, Bertoni G. Definition of a liver activity index in the transition dairy
cow and its relationship with the reproductive performance. In: Proceedings of X International
Symposium of Veterinary Laboratory Diagnosticians. Salsomaggiore (Italy): 2001. p. 118–9.
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showed that lower LAI is associated with a lower energy efficiency in the first
weeks of lactation.

In general, it can be concluded that subclinical inflammation causes several nega-
tive consequences in transition cows and that LAI calculation provides an index of the

Box 3

The Liver Functionality Index (LFI)

The LFI includes concentrations of albumin, lipoproteins (indirectly measured as total choles-
terol), and bilirubin (as indirect measure of the enzymes synthesized by the liver, which also
coordinate bilirubin clearance). LFI measures the relevant changes in concentrations between
3 and 28 DIM, standardized with the optimal pattern of change for the 3 parameters obtained
from healthy cows at the same stage of lactation.5 As with LAI, the LFI allows the evaluation of
the consequences of an inflammation occurring at or around calving time. In addition, because
it represents an absolute value, the LFI can be used to compare cows from different herds.

Example of the calculation of LFI

Step 1 Albumin (Alb-I) subindex 5 50% V3 1 50%(V28 � V3)
Cholesterol (Cho-I) subindex 5 50% V3 1 50%(V28 � V3)
Bilirubin (Bil-I) subindex 5 67% 1 333%(V3 � V28)

Step 2 LFI 5 (Alb-I � 17.71)/1.08 1 (Chol-I � 2.57)/0.43 � (Bil-I � 6.08)/2.17

COW 1 (low LFI)

V3 V28
Partial LFI
Indices

Albumin g/L 30.00 33.00 Step 1 Alb-I 5 0.5 � 30 1 0.5
� (33 � 30) 5

16.50

Cholesterol mmol/L 1.50 3.75 Chol-I 5 0.5 � 1.5 1 0.5
� (3.75 � 1.50) 5

1.88

Bilirubin mmol/L 15.50 3.50 Bil-I 5 0.67 � 15.5 1 0.33
� (15.5 � 3.5) 5

14.35

LFI
Step 2 LFI 5 [(16.5 � 17.71)/1.08]

1 [(1.88 � 2.57)/0.43]
� [(14.35 � 6.08)/2.17]

�6.52

COW 2 (high LFI)

V3 V28
Partial LFI
Indices

Albumin g/L 35.00 38.00 Step 1 Alb-I 5 0.5 � 35 1 0.5
� (38 � 35) 5

19.00

Cholesterol mmol/L 1.80 5.50 Chol-I 5 0.5 � 1.8 1 0.5
� (5.5 � 1.80) 5

2.75

Bilirubin mmol/L 6.00 1.50 Bil-I 5 0.67 � 6.0 1 0.33
� (8.0 � 1.5) 5

6.17

LFI
Step 2 LFI 5 [(19.0 � 17.71)/1.08]

1 [(2.75 � 2.57)/0.43]
� [(6.17 � 6.08)/2.17]

1.57

From Trevisi E, Amadori M, Archetti I, et al. Inflammatory response and acute phase proteins in
the transition period of high-yielding dairy cows. In: Veas F, editor. Acute phase protein/book 2.
InTech; 2011. p. 355–80.
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severity of inflammation. This index - that varies between -1.5 and 11.5 points - can
provide a good evaluation of inflammatory phenomena and their consequences, as
demonstrated by Trevisi and colleagues.66,67 Unfortunately, LAI is costly, both in
terms of the number of samples required per animal (3) and the price of analytical
testing. Furthermore, the index is only comparative within the herd and cannot be
applied to general populations.
A new index (Box 3),49 the Liver Functionality Index (LFI), has therefore been pro-

posed as being less costly (2 samplings and 3 more economically determined vari-
ables: albumin, cholesterol, and total bilirubin). Moreover, this index is generally
applicable across farms and is not dependent on comparison data within the herd.
The LFI varies between �12 and 15 points. Values above zero are considered favor-
able. This new index has been validated relative to the LAI and also in relations to cow
performance, inflammatory conditions, and metabolic abnormalities.44 In a retrospec-
tive comparison,44 cows with lower LFI showed:

� Lower milk yield, slightly higher BCS losses, and lower DMI
� Higher Serum haptoglobin and ceruloplasmin concentrations which latter values
and remained elevated longer

� Higher serum concentrations of NEFA and BHBA

The authors conclude that composite indices based on a small number of readily
determined negative APP values can be useful in judging the inflammatory state of
transition cows. However, as currently developed, these indices are time consuming
and costly to determine, and provide information too far after the fact to allow thera-
peutic or prophylactic intervention (i.e. to improve liver and reproductive functionality).
New indices are under development that are expected to provide similar information
earlier in lactation and at a lower analytical cost.

SUMMARY

Metabolic profiling as a tool in diagnosing the nutritional-management causes of
health problems in dairy farms is of limited use except as part of an IDS (first-step eval-
uation of the whole farm and animal conditions followed, if needed, by a second step,
metabolic profiling). In the 2nd step, great care must be taken in the selection of an-
imals for sampling, timing of sampling relative to feeding, animal handling during the
sampling process, sample handling after collection, the analytical procedures used
and proper interpretation.
Rather than general profiling of animals across several lactation stages, targeting

animals in the transition period appears to hold more promise as a valuable tool in
the management of dairy cow health. Information gained from such an approach
may be valuable for direct diagnosis of sub-clinical diseases (metabolic and infec-
tious), as well as for enhancing production and fertility, thus efficiency, in herds. The
development of metabolic indices for application during the transition period is chal-
lenging because of the tremendous physiologic changes taking place during this time.
Reference ranges need to be developed that take into careful account the interval be-
tween calving and blood sampling. Composite indices based on multiple variables,
including variables associated with inflammation, have promise for use as an aid in
the diagnosis and correction of management and nutritional problems on dairy farms.
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Ketosis Treatment in Lactating
Dairy Cattle

Jessica L. Gordon, BS, DVM*, Stephen J. LeBlanc, BSc, DVM, DVSc,
Todd F. Duffield, DVM, DVSc

INTRODUCTION

Subclinical ketosis is a common disease of the transition period in dairy cattle,
affecting approximately 40% of lactations in North America.1,2 The incidence on
individual farms varies widely and may be as high as 80%.2 The costs associated
with ketosis include treatment of the disease, increased risk and treatment of other
diseases, decreased milk production, worse reproductive performance, and higher
risk of culling in the first 30 days of lactation.3,4

CLASSIFICATION

Historically, ketosis was classified as primary or secondary based on when signs
commenced and what concurrent diseases were facing the animal.5 Recently, this
nomenclature has fallen out of favor, because most ketosis is seen in the first
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KEY POINTS

� Ketosis is a common disease in dairy cattle in early lactation.

� Multiple treatments have been used in dairy cattle, with varying levels of support of
efficacy and varying results.

� There is a lack of well-designed ketosis treatment clinical trials.

� The best recommendation for treatment is 300 mL of 100% propylene glycol orally once
daily for 5 days.

� Further research is required to determine the most effective ketosis treatment regimen for
economically important outcomes.
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10 days after calving in North America and may or may not be accompanied by other
disease.1 The terms subclinical and clinical are favored for ketosis definition. Clinical
ketosis is characterized by an increase in blood, urine, or milk ketone bodies in
conjunction with other visible signs, such as inappetence, obvious rapid weight
loss, and dry manure. Subclinical ketosis is defined as an increase in blood, urine,
or milk ketone bodies, above a threshold shown to be associated with undesirable
outcomes, in the absence of obvious clinical signs.
Because of the housing system used in many North American dairies (large groups

of loose-housed cattle), it has become difficult or impossible to determine if a specific
animal is showing clinical signs of ketosis. Attempts have been made to classify
ketosis as clinical or subclinical based on blood b-hydroxybutyrate (BHB) concentra-
tions.3 However, our experience is that when examined, animals with high levels of
ketonemia may show no clinical signs and animals with low levels may be obviously
ill. The severity of clinical effect seems to depend on the individual animal’s ability
to process and tolerate ketone bodies.5 The disease may therefore be best described
as hyperketonemia rather than trying to distinguish clinical from subclinical.
Classification of ketosis is most relevant for clarity and consistency in comparing

incidence risk rates. Depending on themethods and frequency of screening, incidence
rates of clinical ketosis are expected to be 2% to 15% in the first month of lactation,
whereas 40%cumulative incidence of subclinical ketosis is typical if cowsare screened
weekly during the same period.2 There is some evidence that greater ketonemia is
associated with higher risk of negative outcomes, such as subsequent disease and
culling.1 However, the importance of the distinction between clinical and subclinical
ketosis with regard to treatment is unclear. To our knowledge, there are no
well-designed studies that have shown a difference in efficacy of treatments based
on the initial level of ketonemia.

PHYSIOLOGY OF EARLY LACTATION AND KETOSIS

When considering effective treatment of ketosis, it is critical to consider the physiology
of the animal during this period. At the beginning of lactation, animals are faced with a
sudden and drastic increase in energy demand.5 This demand is coupled with a
decrease in feed intake, which generally starts in the dry period. The rate of increase
of feed intake post partum lags behind the demands of lactation, leading to a period of
negative energy balance. Fat is mobilized from body stores in the form of nonesterified
fatty acids (NEFA) to meet energy requirements. NEFA travel to the liver destined for
1 of 3 pathways, complete oxidation for energy, incomplete oxidation to ketone
bodies, or re-esterification to fatty acids. All of these pathways are stimulated in the
transition animal, but the magnitude of fat breakdown and tolerance of the individual
determine the relative distribution of the paths.5

In early lactation, homeorhesis is the driving physiologic force.6 Homeorhesis was
defined by Bauman and Currie as “the orchestrated or coordinated changes in
metabolism of body tissues necessary to support a physiologic state.”7 These
processes facilitate breakdown of body stores of fat and protein in excess of what
would be allowed based on homeostatic regulation. This situation leads to a period
of insulin resistance, which is nearly universal in early lactation animals.6 Milk produc-
tion requires large amounts of glucose. Because ruminants absorb only minimal
amounts of glucose from their diet, gluconeogenesis is required to meet this need.
This process is generally diminished in animals affected by ketosis, leading to
hypoglycemia. Providing glucose, stimulating gluconeogenesis, and decreasing fat
breakdown form the foundation for rational ketosis treatment.8
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SYSTEMATIC REVIEW OF KETOSIS TREATMENT
Background

Reviews have long been used to summarize the body of literature on a given topic.
This material can be especially helpful for practitioners who have limited time to
read primary scientific articles or require the information in a short period while
working on a clinical case.9 Historically, these reviews were narrative reviews
conducted by an expert on the subject.10,11 Even high-quality reviews are inherently
biased, because selection of papers and interpretation of the information are
consciously or unconsciously influenced by the author’s opinions at the outset.
Systematic reviews help remove the bias of the reviewers by following a rigorous

method in selection of materials to be included.9,11 Investigators provide a detailed
framework for conducting the review that can be repeated and examined for accuracy.
A specific question is formulated and an exhaustive search of the literature is
performed. Methods for inclusion of materials are clearly defined and laid out before
initiation of the review. The quality of all materials included is determined through
specified criteria. Inclusion of all high-quality relevant material is the framework for a
systematic review, so small studies that are well designed are not excluded because
of lack of power.

Materials and Methods

A systematic review of ketosis treatment was performed in February 2011 to deter-
mine the most effective treatment(s) for ketosis in lactating dairy cattle. The search
phrases “ketosis treatment cattle” and “acetonemia treatment cattle” were entered
into 4 databases: CAB, PubMed, Agricola, and Google Scholar. These databases
included references from 1900 to present in all languages. A complete list of refer-
ences from the search was obtained from each database and abstracts were obtained
for all references. Titles and abstracts were used to determine the relevance of each
reference to the question. If abstracts were unavailable and the title was suggestive
that the reference was relevant, the full reference was obtained and analyzed.
Materials that seemed relevant based on the title or abstract were obtained in full
and analyzed. In addition, a manual search of relevant conference proceedings
(American Dairy Science Association, American Association of Bovine Practitioners)
was conducted, and studies known to us that were not yet published in the
peer-reviewed domain were solicited for evaluation.3,4,12

The following criteria were used to determine the appropriateness of materials for
the review:

1. Study animals were lactating dairy cattle
2. Animals experienced naturally occurring ketosis
3. Animals were diagnosed before initiation of treatment andmethod of diagnosis was

clearly defined
4. A control group was included that was positive for ketosis
5. Control group was untreated or treated with a baseline treatment common to both

groups (eg, dextrose vs dextrose and insulin)
6. Any intervention was considered: oral, injectable, or feed additive
7. Any outcome was considered, but must be clearly defined: ketosis cure, health

data, milk production, reproductive performance

Results of the Review

A total of 1395 references were obtained from the search (Fig. 1). These references
included journal articles, theses, conference proceedings, abstracts, and book
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articles. Of these references, 660 were excluded because they covered another topic,
such as ketosis prevention, and 360 were excluded as duplicate citations. A further
186 were excluded because they reviewed the literature without presenting novel
data. Of the 189 that remained, 179 did not include a control group, leaving just
10 articles considered appropriate for the review (Table 1).
One of themost striking aspects of this venture was the lack of well-designed ketosis

treatment literature. During the past 15 years, the extent of ketosis observed in North
America has been clearly defined and the prevalence of ketosis initially surprised
many veterinarians and producers. Because of the relative frequency of clinical and
subclinical ketosis, it is surprising that there has been so little advancement in the
body of evidence for treatment of a ketotic cow. Much treatment of ketosis is based
on disease principles or past experience. Although both of these factors are critical

Fig. 1. Total number of articles and articles excluded by reason for exclusion.

Table 1
Studies remaining after exclusion criteria were applied

Study Treatment Control Group Random

McArt et al,3,4

2011, 2012
Propylene glycol Untreated Yes

Carrier et al,12

personal
communication

Dextrose 1 dexamethasone 1

B12 1 propylene glycol
Untreated Yes

Sahoo et al,40 2009 Dextrose 1 dexamethasone,
Dextrose 1 dexamethasone 1

E/Se

Untreated No

Seifi et al,23 2007 Isoflupredone, isoflupredone 1

insulin (Ultralente, Eli Lily)
Untreated Yes

Lohr et al,29 2006 Catosal Untreated Yes

Fetrow et al,41 1999 rBST Untreated Yes

Shpigel et al,42 1996 Dextrose 1 dexamethasone,
dextrose 1 flumethasone

Dexamethasone
or flumethasone

No

Sakai et al,25 1993 Dextrose 1 insulin (lente) Dextrose No

Ruegsegger & Shultz,35

1986
Propylene glycol, niacin Untreated Yes

Robertson,22 1966 Dexamethasone/flumethasone 1

insulin (protamine zinc),
dexamethasone/flumethasone
alone

Untreated Yes

Abbreviations: E/Se,Vitamin E/Selenium; rBST, recombinant bovine somatotropin.
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components for development of treatment strategies, stronger evidence is required to
ensure rational and effective treatment.13 Because of the small number of studies that
met the inclusion criteria and the large number of treatments represented by these
studies, it is difficult to provide concrete information on many common treatments.
However, some of the common treatments are discussed in relation to the findings of
the review.

DEXTROSE
Background

The presence of hypoglycemia in ketosis was well established by the 1930s.14 Since
that time, dextrose has been considered a staple in ketosis treatment. This treatment
seems physiologically sound, because the requirement for glucose for milk production
drives fat metabolism and hypoglycemia.8

There are concerns that the amount of glucose in a standard 500-mL bottle of 50%
dextrose is excessive. A bolus of 500 mL 50% dextrose increases the blood glucose
concentrations to about 8 times normal immediately after administration and returns
to pretreatment concentrations by about 2 hours after administration.15 This increase
is paired with an immediate 5-fold increase in circulating insulin concentration and a
12-fold increase after 15 minutes.15 Any glucose not used by the animal during this
period is excreted via the kidneys, increasing the excretion of electrolytes and
potentially increasing the risk of electrolyte imbalances.16 The decrease in blood
BHB levels caused by dextrose treatment is short lived (<24 hours) and must be
repeated or followed with another treatment for lasting effect.16

Some have expressed concern with the high level of glucose leading to aboma-
sal dysfunction. There is evidence that high levels of glucose can lead to decreased
abomasal motility, and displaced abomasum has been correlated with hyperglyce-
mia.17–20 However, such effects of 1 treatment with dextrose have not been established.

Systematic Review

Dextrose was studied extensively early on (in the 1940s and 1950s) in case series or
small studieswithout controls inwhichall affectedanimalswere treatedand thenumber
that improved with treatment was determined. Since then, dextrose has been studied
only in combinationwith other treatments or as the baseline for a positive control group.
It has never been studied in a randomized clinical trial to determine efficacy as a
standard treatment of all cases. None of the articles successfully passing the review
process examined the efficacy of dextrose without the addition of other treatments.

Recommendations

Use of dextrose should be considered a second-line treatment of cases of ketosis.
Animals with severe ketonemia with concurrent hypoglycemia may benefit from treat-
ment with dextrose. Animals with ketosis suffering from nervous signs (such as
abnormal licking, chewing on pipes or concrete, gait abnormalities, and aggression)
should also be treated promptly with dextrose to alleviate hypoglycemia and nervous
signs. These animals should then be followed up with other treatments for longer-term
effectiveness.8,16

GLUCOCORTICOIDS
Background

Glucocorticoids have been used in ketosis treatment because of their ability to
produce hyperglycemia as a result of changes in glucose use.8 Steroids also block
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the effects of insulin, allowing for increased catabolism of fat and protein stores.
Plasma concentrations of both glucose and insulin increase significantly about
48 hours after injection with dexamethasone.21

Systematic Review

Two studies in the review used a glucocorticoid alone. One of these studies was the
oldest study of the group and was well designed.22 In this study, enrolled animals were
randomly assigned to receive dexamethasone or flumethasone, dexamethasone or
flumethasone plus protamine zinc insulin, or no treatment. Animals were then followed
for 5 days after treatment to determine milk production, presence of clinical signs of
ketosis, and appetite. There was no difference between dexamethasone and
flumethasone, so these treatments were grouped together as glucocorticoids. Treated
animals were more than twice as likely to improve clinically compared with untreated
controls based on appetite, behavior, and digestive examination coded subjectively
(68% for glucocorticoid 1 insulin and 55% for glucocorticoid alone vs 23% for
untreated animals). Treated animals also had increased milk yields in the first week
after treatment (6.07 	 0.79 kg/d for glucocorticoid 1 insulin and 3.73 	 1.04 kg/d for
glucocorticoid alone vs 1.11 	 0.91 kg/d for untreated animals). This study was
revolutionary in its time because of the use of an untreated control group, something
not previously used in ketosis treatment studies. The major downfalls of this study are
the short follow-up time and the lack of proper statistical methods available at the time
to examine the influence of potential confounders such as parity.
The second study points to concerns for use of glucocorticoids.23 Animals enrolled

in this study were randomly assigned to treatment with 20 mg of isoflupredone (Predef
2x, Pfizer, Zoetis, Madison, NJ), 20 mg of isoflupredone plus 100 IU insulin, or a pla-
cebo, each treatment given once between calving and 8 days in milk [DIM]. This study
was not designed as a ketosis treatment study, because all fresh animals were
enrolled. However, blood was collected before enrollment and animals were later clas-
sified as subclinically ketotic or not based on serum BHB 1.4 mmol/L or greater. An-
imals that were ketotic at enrollment and were treated with isoflupredone and insulin
weremore likely than controls to remain ketotic in the 2 weeks after treatment. Animals
that were not ketotic at the start and were treated with isoflupredone alone or isoflu-
predone and insulin were respectively 1.6 and 1.7 times more likely to become ketotic
1 week after treatment. There was no effect of treatment on reproduction or test-day
milk production. This study suggests that there is no benefit of routine use of cortico-
steroids at the time of calving, and metabolic state may be impaired with their use.
Furthermore, care should be exercised when using these products for ketosis treat-
ment, because they may impair the animal’s ability to overcome the disease.

Recommendations

Evidence for corticosteroids as therapy for ketosis is at best equivocal and indicates
that steroids with insulin decreases cure. The lack of efficacy, combined with the risk
of adverse side effects, does not support inclusion of corticosteroids in treatment of
ketosis.

INSULIN
Background

Dairy cattle in early lactation are inherently insulin resistant.6 This characteristic is part
of the complex mechanism of homeorhesis that allows dairy cattle to produce a large
amount of milk during a period of negative energy balance. Animals with ketosis show

Gordon et al438



increased insulin resistance compared with their healthy herdmates.15 Insulin is used
in the treatment of ketosis because of the anabolic effects of the hormone.24 Insulin
decreases fat breakdown, increases fat synthesis, and increases use of ketone bodies
as energy sources, which should decrease the level and consequences of ketonemia.

Systematic Review

Insulin is never given as the sole treatment of ketosis, because of the risk of hypogly-
cemia. There were 3 studies from the review of the literature that used insulin as an
adjunct therapy in which the added benefits of insulin could be examined. Two of
these studies are discussed in the glucocorticoid section.22,23 Results from the
Robertson study22 indicated that the addition of insulin increased cure rate and milk
production compared with treatment with glucocorticoids alone. Beyond the concerns
that were mentioned earlier regarding this study, the insulin used was an
animal-source protamine zinc formulation that is no longer available. It is difficult to
say if recombinant human forms of insulin would yield the same results. In a study
from 2007 by Seifi and colleagues,23 treatment with a recombinant insulin (Humulin
Ultralente, Eli Lily, Indianapolis, IN) increased the risk of animals developing and
remaining ketotic compared with animals treated with isoflupredone alone.
The third study was performed by Sakai and colleagues25 to examine the effects of

insulin when added to dextrose therapy. Animals were diagnosed with ketosis using a
combination of urine ketone body concentrations and clinical signs. All animals
received 500 mL 50% dextrose intravenously (IV) once a day for 5 days after diag-
nosis. Half of the cows were assigned to receive 200 IU of lente insulin subcutaneously
for 3 days from day 2 to 4 after enrollment. On day 6 after enrollment, urine ketone
body concentrations were measured to determine the effectiveness of treatment.
Blood was collected on enrollment and at day 6 and later analyzed for BHB concen-
trations. In this study, animals treated with insulin had significantly lower blood BHB
concentrations and significantly higher glucose and insulin concentrations at day 6
after enrollment than cows treated with dextrose alone. However, this study had a
short follow-up period and did not look at any economically important outcomes,
such as milk production and culling.
We conducted a ketosis treatment study in the summer of 2011, in which we used

insulin glargine (Lantus, Sanofi Aventis, Lavla, Quebec, Canada) or a placebo in addi-
tion to propylene glycol in animals diagnosed with ketosis using 1.2 mmol/L or greater
blood BHB with a validated hand-held meter (Precision Xtra, Abbott, Abbott Park, IL).
Based on preliminary results, insulin had no effect on blood ketone body concentra-
tions 1 or 2 weeks after treatment or on the likelihood of cure of ketosis based on blood
BHB concentrations.26

Recommendations

There is limited evidence in support of insulin therapy as part of a ketosis treatment
regimen. This finding, coupled with the high cost of most insulin preparations,
precludes wide-scale use of insulin in ketosis treatment. It is possible that there
may be some benefit in refractory cases, especially those involving hepatic lipidosis,24

but more research is needed in this area.

VITAMIN B12/PHOSPHORUS COMBINATION PRODUCT
Background

Cyanocobalamin (a form of vitamin B12) has been used as an adjunct therapy in
ketosis treatment because of its role in gluconeogenesis. It has been hypothesized
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that administration of vitamin B12 may increase gluconeogenesis by increasing the ac-
tivity of methylmalonyl-coenzyme A (CoA) mutase, a vitamin B12-dependent enzyme
and important component of the Krebs or tricarboxylic acid (TCA) cycle.27 With an in-
crease in the activity of this enzyme, energy may be produced more efficiently and
TCA cycle activity and gluconeogenesis may be increased.
Butaphosphan, an organic phosphorus source, has been also been used because

of its presumed role in gluconeogenesis.28 Phosphorus is required at many stages
in the gluconeogenic pathway, because all intermediate compounds must be
phosphorylated to continue the cycle. However, it is unclear if this form of phosphorus
is available to the animal.

Systematic Review

One study from the review used a vitamin B12 product.29 One hundred and twenty
lactating cows were enrolled in the study when they were presented to veterinary
clinics in Germany for left displaced abomasum (LDA) and were determined to have
ketosis based on a urine test. After correction of the LDA, animals were randomly
assigned to receive 3 days of a commercial combination butaphosphan and cyanoco-
balamin (Catosal, Bayer, Shawnee Mission, KS) product or a placebo. Blood samples
were collected during treatment and animals were monitored for feed intake, milk pro-
duction, and rumination. Animals were considered to have healthy rumination if there
were at least 3 ruminations/min. Individuals evaluating the animals were blind to treat-
ment. Treatment with this product resulted in a significant increase in proportion of an-
imals with healthy rumination at days 2 (65 vs 48%) and 3 (82 vs 63%) after treatment.
Treated animals also tended to have a larger decrease in plasma BHB concentrations
compared with values on the day of enrollment.
It is challenging to determine the usefulness of a butaphosphan cyanocobalamin

combination product for ketosis treatment based on this study. The outcomes found
to be different between treatments are subjective (ruminations) and have questionable
economic significance. It is also difficult to determine if animals with ketosis, but
without an LDA, would respond in the same manner. A large study using this product
at calving showed a decreased risk of ketosis in treated cows that were in their third or
higher lactation,28 but this does not prove efficacy in ketosis treatment.
In a recent study,26 we treated animals with 3 days of butaphosphan and cyanoco-

balamin or a placebo; all cows received propylene glycol. Based on preliminary
results, this product tends to increase the likelihood of cure of ketosis (blood BHB
<1.2 mmol/L in the week after treatment), decrease blood BHB concentrations
1 week after treatment, and increase milk production in the first 30 days.26

Recommendations

This butaphophan-cyanocobalamin combination product may prove useful in ketosis
treatment in the future, if effects on milk production, culling, and disease risk can be
confirmed. There is insufficient evidence to suggest routine use of this product for
ketosis treatment.

PROPYLENE GLYCOL
Background

Propylene glycol was first described as a treatment of ketosis in 1954.30,31 It is gener-
ally given as an oral drench once a day. When propylene glycol enters the rumen, it is
either absorbed directly or converted to propionate.32 Propylene glycol that is
absorbed directly enters the TCA cycle to increase oxidation of acetyl CoA and
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stimulate gluconeogenesis. Propionate from propylene glycol can also be used for
gluconeogenesis and helps stimulate insulin release.33 There is a significant increase
in insulin by 15 minutes after administration, and insulin remains increased for 2 hours
or more after drenching.33 This spike in insulin helps decrease fat breakdown and
hepatic ketone body production.
Because of the physical labor required to administer propylene glycol, many

producers and veterinarians have expressed interest in propylene glycol feed addi-
tives.32 The concern with this method of delivery is that there is no resultant insulin
spike caused by the small, relatively steady amount of propylene glycol that is sup-
plied to the rumen throughout the day.32 This chronic delivery of propylene glycol
also alters the environment in the rumen to favor more propionate production.32

According to the hepatic oxidation theory, this situation would likely decrease feed
intake, increasing fat mobilization and perpetuating the problem of ketosis, although
the clinical relevance of this has not been determined.34

Systematic Review

Previously, much of the work carried out with propylene glycol and ketosis involved
prevention of ketosis.32 Two of the studies that remained at the end of the systematic
review selection process used propylene glycol without other treatments.3,4,35 In the
study conducted in 1986 by Ruegsegger and Shultz,35 cows from study herds were
tested once a week for milk ketone bodies and enrolled if they had ketosis without
other complicating diseases. Enrolled animals were randomly assigned to receive
no treatment, 125 mL propylene glycol, or 125 mL propylene glycol with 12 g of niacin
daily for 7 days. There were no differences in blood BHB, milk production, or milk
composition between any of the groups. The small sample size may have resulted
in a lack of power to detect these differences, and the low amount of propylene glycol
used in this trial is insufficient for lactating cattle.32

One of the best-designed and highest-impact trials on ketosis treatment was
conducted in 2010 by researchers at Cornell University.3,4 For this trial, all animals
3 to 16 DIM were tested for ketosis on Mondays, Wednesdays, and Fridays using a
hand-held meter (Precision Xtra). All animals with 1.2 to 2.9 mmol/L blood BHB that
had not been previously treated for ketosis by farm personnel were enrolled. Cows
were randomly assigned to receive 300 mL (310 g) propylene glycol or 300 mL water
daily until their blood BHB levels were less than 1.2 mmol/L or greater than 3.0 mmol/L
or they reached 16 DIM. Blood BHB was measured 3 times a week until 16 DIM and
daily milk weights, culling, and reproductive records were collected.
Animals that were treated with propylene glycol were 1.5 times more likely to be

cured of subclinical ketosis (blood BHB <1.2 mmol/L) and half as likely to progress
to blood BHB greater than 3.0 than control cows. Treated animals were also 40%
less likely to develop a displaced abomasum and half as likely to die or be sold in
the first 30 days of lactation. Milk production was increased by 1.3 and 1.6 kg/d in
treated cows in the first 30 days of lactation in 2 of the herds, whereas the third
herd showed no difference in milk production between groups.
This study clearly showed the potential benefits of oral propylene glycol in treatment

of subclinical ketosis. The identification of significant differences in economically
important outcomes was a first for the ketosis treatment literature and is a trait that
future studies should strive to emulate. A limitation of this study was the failure to
treat animals with blood BHB levels 3.0 mmol/L or greater. It can be expected that pro-
pylene glycol would be efficacious in animals with higher blood BHB levels, but higher
initial BHB levels might decrease the cure rate andmilk response. The variable amount
of time that animals were treated in this study can also prove challenging for
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interpretation. Although the median time for treatment was 5 days, it varied from 2 to
13 days. Many producers would like a specific protocol for treatment and few would
likely be willing to drench animals for 13 days.

Recommendations

Treatment of ketotic animals with 300 g of propylene glycol daily should be considered
the base of ketosis treatment. The length of time that animals should be treated still
needs to be determined, but based on results of the McArt study3 and other studies
in propylene glycol use,32 5 days of treatment seems to be sufficient without being
overly taxing on farm labor. When choosing a product, it is critical to examine the
concentration of propylene glycol in the product and ensure that animals are being
treated with sufficient volume to provide 300 g of propylene glycol. Propylene glycol
should be considered for treatment of all ketotic animals, although more research is
needed to determine the efficacy for animals with BHB higher than 3.0 mmol/L.

COMBINATION THERAPIES
Background

Many studies of ketosis treatment have used combinations of therapies. Many of
these studies have shown that animals treated with more than 1 product have better
outcomes than animals treated with only 1 treatment. However, many of these studies
have used short follow-up periods and outcomes that were not economically
important.

Systematic Review

An excellent example of a trial involving multiple treatment modalities was conducted
at the University of Minnesota.12 Urine was collected daily from all animals in the first
15 days of lactation for ketone body testing using Ketostix (Bayer, Pittsburgh, PA). An-
imals that were classified with a small level of ketosis or higher were enrolled in the
study and randomly assigned to the treatment or control groups. Treated cows (n 5
279) were given 20 mg dexamethasone, 500 mL 50% dextrose, 5 mg vitamin B12

(all IV), and 500 mL propylene glycol orally on the day of enrollment and for 2 days after
enrollment. Control animals (n 5 282) were left untreated. In this study, treatment
tended (P 5 .1) to lower milk production (1 kg/d over the lactation) and significantly
increased the risk of culling (by 40%) in the first 60 days. Although outcomes were
not different or poorer for treated animals, treatment did decrease BHB and NEFA
values in treated animals in the first week after treatment compared with controls.
This study is a critical addition to the ketosis treatment literature for 2 reasons: it shows
the importance of long-term follow-up and use of economically important outcomes,
and it requires us to reconsider common ketosis treatment regimens.

Recommendations

No combination therapy can be recommended. It is essential that future work tests in-
dividual treatments alone or in factorial study designs, so the efficacy of each product
can be determined. Any combination that is studied should be based on treatments
previously proved efficacious (ie, propylene glycol) and with the addition of 1 other
treatment. By taking this stepwise approach, the efficacy of treatment combinations
can be established.

Summary of Treatment Recommendations

The only treatment of ketosis that has been shown to improve resolution of ketosis,
cow health, and productivity is oral propylene glycol.3,4 The concentration of
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propylene glycol in the product should ensure that animals are receiving 300 g once a
day for 5 days. Dosing once a day is sufficient and decreases the labor requirement for
treatment. Use of a drenching gun increases the ease with which animals can be
treated, increasing producer compliance. Subclinically ketotic animals should not
receive other treatments, because the risk of detriment likely outweighs the benefit.
Animals experiencing nervous signs of clinical ketosis may also benefit from a single
treatment with 500 mL 50% dextrose IV.

SUMMARY

There is a scarcity of well-designed ketosis treatment trials and information on effec-
tive ketosis treatment. In the past, the focus was on treating ketonemia, rather than
improving productivity. Research has shown that blood BHB concentrations
1.2 mmol/L or greater in the first 2 weeks post partum increase the risk of disease
and culling and decrease milk production.36–39 Increased emphasis on economically
important outcomes (disease risk, milk production, culling, and reproductive perfor-
mance) is required in subsequent research to increase understanding of effective
ketosis treatment.
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Oral Calcium Supplementation in
Peripartum Dairy Cows

Garrett R. Oetzel, DVM, MS

INTRODUCTION

The initiation of lactation challenges a dairy cow’s ability to maintain normal blood
calcium concentrations. Milk (including colostrum) is rich in calcium, and cows must
quickly shift their priorities to adjust for this sudden calcium outflow. Average blood
calcium concentrations noticeably decline in second or greater lactation cows around
calving, with the lowest concentrations occurring approximately 12 to 24 hours after
calving (Fig. 1).1,2 The extent to which hypocalcemia occurs around calving is an
important determinant of fresh cow health and milk production.

CLINICAL MILK FEVER VERSUS SUBCLINICAL HYPOCALCEMIA

Clinical milk fever is one of the most recognized diseases of dairy cattle. The clinical
signs of milk fever may, for convenience, be divided into 3 stages. Stage I clinical milk
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KEY POINTS

� Most second and greater lactation cows have a transient hypocalcemia around calving.

� Subclinical hypocalcemia has greater associated costs for dairy producers than clinical
cases of milk fever.

� Oral calcium supplements vary in their ability to support blood calcium concentrations; not
all forms are appropriate supplements for dairy cows.

� Supplementation with oral calcium is the preferred approach for supporting cows that are
exhibiting early signs of milk fever but are still standing.

� Prophylactic treatment with oral calcium around calving can reduce the risk for
postpartum problems and increase milk yield in targeted populations of dairy cows.
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fever isearly signswithout recumbency. Itmaygounnoticedbecause its signsaresubtle
and transient. Affected cattle may appear excitable, nervous, or weak. Some may shift
their weight frequently and shuffle their hind feet.3 Cows in stage II milk fever are in
sternal recumbency. They exhibit moderate to severe depression and partial paralysis
and typically liewith their head turned into their flank.3Cows in stage III clinicalmilk fever
are in lateral recumbency, completely paralyzed, typically bloated, and severely
depressed (to the point of coma). They die within a few hours without treatment.3

Subclinical hypocalcemia is defined as low blood calcium concentrations without
clinical signs of milk fever. Subclinical hypocalcemia affects approximately 50% of
second and greater lactation dairy cattle fed typical prefresh diets. If anions are
supplemented to reduce the risk for milk fever, the percentage of hypocalcemic
cows is reduced to approximately 15% to 25%.4

A cow does not necessarily have to become recumbent (down) to be negatively
affected by hypocalcemia. With or without obvious clinical signs, hypocalcemia has
been linked to a variety of secondary problems in postfresh cows.1,3 This happens
because blood calcium is essential for muscle and nerve function—in particular,
functions that support skeletal muscle strength and gastrointestinal motility. Problems
in either of these areas can trigger a cascade of negative events that ultimately reduce
dry matter intake, increase metabolic diseases, and decrease milk yield.1 The
pathways by which hypocalcemia may negatively affect cow health and milk produc-
tion are illustrated in Fig. 2.
Subclinical hypocalcemia is more costly than clinical milk fever because it affects a

much higher percentage of cows in the herd.3 For example, if a 2000-cow herd has a
2% annual incidence of clinical milk fever and each case of clinical milk fever costs
$300,5 the loss to the dairy from clinical cases is approximately $12,000 per year. If
the same herd has a 30% annual incidence of subclinical hypocalcemia in second
and greater lactation cows (assume 65% of cows in the herd) and each case costs
$125 (an estimate that accounts for milk yield reduction and direct costs due to
increased ketosis and displaced abomasum), then the total herd loss from subclinical
hypocalcemia is approximately $48,750 per year. This is approximately 4 times greater
than the cost of the clinical cases.

Fig. 1. Plasma concentrations of total calcium before and after calving. Data are from
mature Jersey cows with clinical milk fever (n 5 8) or without clinical milk fever (n 5 19).
(Data from Kimura K, Reinhardt TA, Goff JP. Parturition and hypocalcemia blunts calcium
signals in immune cells of dairy cattle. J Dairy Sci 2006;89:2588–95.)

Oetzel448



A recently published, large multisite study shows that hypocalcemia around calving
was associated with reduced milk yield6 and increased risk for displaced abomasum.7

These studies also demonstrated that the cutpoint for serum total calcium is approxi-
mately 8.5 mg/dL, which is a higher concentration than had been previously assumed
(Figs. 3 and 4).

TYPES OF ORAL CALCIUM SUPPLEMENTATION

The source of calcium in an oral supplement and its physical form greatly influence
calcium absorption and blood calcium responses. Calcium chloride has the greatest
ability to support blood calcium concentrations.8,9 This is explained by its high calcium

Fig. 2. Proposed mechanisms for reduction in milk yield in early lactation cows due to
hypocalcemia.

Fig. 3. Effect of serum total calcium on milk yield for the first 4 dairy herd improvement
tests after calving. Different cutpoints were derived for serum samples collected on weeks
�1, 1, 2, and 3 after calving. Data are from 2365 cows in 55 Holstein herds in Canada and
the United States. Reference levels for blood calcium are from mature Jersey cows without
clinical milk fever (n 5 19). (Data from Chapinal N, Carson ME, LeBlanc SJ, et al. The associ-
ation of serum metabolites in the transition period with milk production and early-lactation
reproductive performance. J Dairy Sci 2012;95:1301–9; and Kimura K, Reinhardt TA, Goff JP.
Parturition and hypocalcemia blunts calcium signals in immune cells of dairy cattle. J Dairy
Sci 2006;89:2588–95.)
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bioavailability and its ability to invoke an acidic response in cows, which causes
mobilizing more of their own calcium stores. Providing a typical amount of elemental
calcium chloride (eg, 50 g of elemental calcium) in a small oral dose provides the best
absorption (Fig. 5). Administering 100 g of elemental calcium from calcium chloride in
water results in excessively high blood calcium—this can shut down a cow’s own

Fig. 4. Effect of serum total calcium on the odds for displaced abomasum after calving.
Different cutpoints were derived for serum samples collected on weeks �1, 1, 2, and 3 after
calving. Data are from 2365 cows in 55 Holstein herds in Canada and the United States.
Reference levels for blood calcium are from mature Jersey cows without clinical milk fever
(n 5 19). (Data from Chapinal N, Carson M, Duffield TF, et al. The association of serum me-
tabolites with clinical disease during the transition period. J Dairy Sci 2011;94:4897–903; and
Kimura K, Reinhardt TA, Goff JP. Parturition and hypocalcemia blunts calcium signals in
immune cells of dairy cattle. J Dairy Sci 2006;89:2588–95.)

Fig. 5. Effect of 2 different doses of oral calcium chloride on plasma total calcium concen-
trations, expressed as percent of baseline values. Data are from nonpregnant, nonlactating
Jersey cows (n 5 8 for the 50-g dose and n 5 4 for the 100-g dose). (Data from Goff JP,
Horst RL. Oral administration of calcium salts for treatment of hypocalcemia in cattle. J Dairy
Sci 1993;76:101–8.)
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calcium homeostatic mechanisms and invoke a calcitonin response to protect from
hypercalcemia.
The risk of aspiration is great when thin liquids are given orally, and calcium chloride

is caustic to upper respiratory tissues. Calcium propionate is absorbed more slowly
and must be given at higher doses of elemental calcium (usually 75–125 g).
Calcium carbonate in water as an oral calcium supplement does not increase blood

calcium concentrations (Fig. 6).8 This may be explained by its poorer bioavailability
and by its potential to evoke an alkalogenic response, which would blunt the cow’s
own ability to mobilize calcium from bone.3 Calcium carbonate is used as a feed
source of calcium for dairy cows to meet longer-term calcium needs. It not an appro-
priate choice, however, for oral supplement of postpartum cows that need rapid
access to additional blood calcium.
A combination of calcium chloride and calcium sulfate delivered in a fat-coated

bolus (Bovikalc, Boehringer Ingelheim Vetmedica, St. Joseph, MO) resulted in more
sustained improvements in blood calcium concentrations (Fig. 7) than observed in
previous studies with oral calcium chloride or calcium propionate in water.10

SUBCUTANEOUS CALCIUM TREATMENT

Subcutaneous calcium is used to support blood calcium concentrations around
calving but has substantial limitations.11 Absorption of calcium from subcutaneous
administration requires adequate peripheral perfusion. It may be ineffective in cows
that are severely hypocalcemic or dehydrated. Subcutaneous calcium injections are
irritating and may cause tissue necrosis; administration should be limited to no
more than 75 mL of a 23% calcium gluconate solution (approximately 1.5 g elemental
calcium) per site. Calcium solutions that also contain glucose should not be given
subcutaneously. Glucose is poorly absorbed when given by this route. Abscessation
and tissue sloughing may result when glucose is given subcutaneously.
The kinetics of subcutaneously administered calcium indicate that it is well

absorbed initially but that blood concentrations fall back to baseline values in

Fig. 6. Effect of oral calcium chloride and oral calcium carbonate on plasma calcium,
expressed as percent of baseline values. Data are from 8 nonpregnant, nonlactating Jersey
cows. (Data from Goff JP, Horst RL. Oral administration of calcium salts for treatment of
hypocalcemia in cattle. J Dairy Sci 1993;76:101–8.)
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approximately 6 hours (Fig. 8).11 Thus, repeat doses are necessary to equal the
sustained blood calcium support that is possible with oral calcium boluses.

TREATMENTS OF SUBCLINICAL HYPOCALCEMIA AND CLINICAL MILK FEVER

Oral calcium supplementation is the best approach for hypocalcemic cows that are
still standing, such as cows in stage 1 hypocalcemia or who have undetected subclini-
cal hypocalcemia.3 Cows absorb an effective amount of calcium into the bloodstream
within approximately 30 minutes of supplementation. Blood calcium concentrations

Fig. 7. Effect of administration of 2 oral calciumboluses (Bovikalc, Boehringer Ingelheim Vet-
medica) on blood ionized calcium concentrations (expressed as percent of baseline). Data are
from Holstein cows (n 5 20) with hypocalcemia at calving. (Data from Sampson JD, Spain JN,
Jones C, et al. Effects of calcium chloride and calcium sulfate in an oral bolus given as a
supplement to postpartum dairy cows. Vet Ther 2009;10:131–9.)

Fig. 8. Effect of subcutaneous administration of 500 mL of a 23% calcium borogluconate
solution (10.5 g of calcium) on plasma total calcium, expressed as percent of baseline
concentration. The 500-mL solution was divided into 10 different sites. Data are from 6
Jersey cows. (Data from Goff JP. Treatment of calcium, phosphorus, and magnesium balance
disorders. Vet Clin North Am Food Anim Pract 1999;15:619–39.)
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are supported for only approximately 4 to 6 hours afterward8,9 for most forms of oral
calcium supplementation.
Intravenous (IV) calcium is not recommended for treating cows that are still

standing.3 Treatment with IV calcium rapidly increases blood calcium concentrations
to extremely high and potentially dangerous levels.11 Extremely high blood calcium
concentrations may cause fatal cardiac complications and (perhaps most importantly)
shut down a cow’s own ability to mobilize the calcium needed at this critical time.3

Cows treated with IV calcium often suffer a hypocalcemic relapse 12 to 18 hours
later.12,13 The kinetics of blood calcium concentrations after IV treatment is illustrated
in Fig. 9.
Stage II and stage III cases of milk fever should be treated immediately with slow IV

administration of 500 mL of a 23% calcium gluconate solution. This provides 10.8 g of
elemental calcium, which is more than sufficient to correct a cow’s entire deficit of
extracellular calcium (approximately 4–6 g). Administering larger doses of calcium in
the IV treatment has no benefit.14 Treatment with IV calcium should be given as
soon as possible, because recumbency can quickly cause severe musculoskeletal
damage.
To reduce the risk for relapse, recumbent cows that respond favorably to IV treat-

ment need additional oral calcium supplementation once they are alert and able to
swallow, followed by a second oral supplement approximately 12 hours later.3,13

Transient hypocalcemia occurs in cows whenever they go off feed or have periods
of decreased intestinal motility.15 It can be difficult to tell which comes first—the
hypocalcemia or the gastrointestinal stasis. Whatever the case, the 2 problems posi-
tively reinforce each other. During the experimental induction of hypocalcemia,
researchers16 noted that ruminal contractions ceased well before the onset of clinical
signs of milk fever. Off-feed cows, particularly in early lactation, are likely to benefit
from prompt oral calcium supplementation.
Oral calcium supplements can be beneficial in most dairy herds - even herds with

successful acidogenic prepartum diets and minimal cases of clinical milk fever. Pro-
ducers should start by giving oral calcium to all standing cows with clinical signs of

Fig. 9. Effect of IV calcium treatment with 10.8 g of elemental calcium on serum total
calcium concentrations. Data are from a mature Jersey cow with clinical milk fever.
(Data from Goff JP. Treatment of calcium, phosphorus, and magnesium balance disorders.
Vet Clin North Am Food Anim Pract 1999;15:619–39.)
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hypocalcemia and to all down cows following successful IV treatment. For herds with
a high incidence of hypocalcemia, it may also be economically beneficial to strategi-
cally supplement all fresh cows with oral calcium. Finally, cows with high milk yield in
the previous lactation (>105% of herd average mature equivalent milk production) and
lame cows have the best response to oral calcium supplementation. Cows with high
previous lactation milk yield and lame cows that were supplemented with oral calcium
produced 3.1 kg more daily milk at their first monthly test after calving compared with
control cows that had the same previous previous lactation milk yield and lameness
status.17

TIMING OF ORAL CALCIUM SUPPLEMENTATION RELATIVE TO CALVING

Strategies for giving oral calcium supplements around calving should include at least
2 doses—1 at calving and a second dose the next day. The expected nadir in blood
calcium concentrations occurs between 12 and 24 hours after calving.1,10 Giving a
single dose of oral calcium supplement at approximately calving time leaves cows
without support when their blood calcium concentrations are naturally the lowest.
The original protocols for oral calcium supplementation called for 4 doses—1 approxi-
mately 12 hours before calving, 1 at calving, 1 at 12 hours postcalving, and 1 at
24 hours postcalving. It was difficult to predict when at cow was approximately
12 hours from expected calving, and many cows calved without receiving this
dose.18 The dose at calving is not practically challenging to administer, and providing
a dose sometime the day after calving provides critical support at approximately the
time of nadir and is practical in large dairies where the postfresh pen is locked up only
once daily.
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