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Abstract 
 

 
 The acute phase response (APR) represents a protective, coordinated response of the host 

with the aim of eliminating the inciting stimuli and re-establishing homeostasis. Produced by 

activated immune cells, proinflammatory cytokines serve as effector signals for communication 

between the immune system and other parts of the body, including the brain. The APR is 

comprised of complex neurologic, immune, endocrine, and metabolic changes. The actions of 

proinflammatory cytokines also elicit behavioral changes. These sickness behaviors include 

depression, lethargy, anorexia, and reduced activity. Detection of disease in livestock species is 

challenging, given the nature of these prey species to conceal signs of illness to human 

observers. Improvement in the health, welfare, and production of cattle has included the 

development and application of remote monitoring technologies. These technologies are capable 

of objectively quantifying physiological parameters and behaviors. One such technology used to 

measure sickness behavior in cattle is the three-dimensional (3-D) accelerometer, which can be 

applied and used to quantify lying, standing, walking behaviors, under various experimental and 

naturally occurring conditions.   

Use of remote monitoring technologies to detect behavioral changes indicative of disease 

was the objective of our experimental studies. In the first experiment, the objective was to assess 

sickness behaviors during mild experimental endotoxemia. Lipopolysaccharide (LPS) was 

delivered using implanted osmotic mini-pumps (OMP) to weaned beef calves. The LPS (E. coli 

O55:B5) was delivered at 30 μg/(kg · d) for 7 days to principal calves, with an equivalent 
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volume of saline delivered to control calves implanted with OMPs. Use of OMP was novel for 

the low-dose, prolonged time course of LPS administration in cattle. Changes in traditional 

markers of inflammation were observed, including significant differences in rectal temperature, 

body weight, fibrinogen, albumin, and platelets between groups. Objective quantification of 

behavioral changes, using accelerometers, demonstrated significant differences between groups, 

with LPS calves spending more time lying, less time standing, and more time walking post-LPS 

infusion.  

In our second study, sickness behaviors using 3-D accelerometers were evaluated in 

weaned beef calves following experimental infection with bovine viral diarrhea virus (BVDV). 

Ten weaned beef calves were inoculated intranasally with 4 x 106 TCID50 with the low-virulent 

BVDV strain 134F, and control calves (n = 10) were intranasally administered BVDV-free 

medium. The challenge model was very mild, with mean time allotted to each activity not 

differing significantly between groups on any day except day 8 post-inoculation. On day 8, 

BVDV calves spent less time standing than controls. Following virus inoculation, calves in both 

groups tended to spend more time lying and less time walking and standing compared to their 

respective baselines. Although subtle changes in behavior were appreciable in BVDV-infected 

calves, the use of accelerometers could not distinguish calves subclinically infected with BVDV 

from healthy controls.  

Use of remote monitoring technologies to demonstrate deviation from normal baseline 

behavior has been applied for the detection of normal physiological states, including estrus and 

parturition. Use of accelerometer-based activity data for the prediction of parturition has been 

primarily evaluated in housed dairy cattle. The aim of our third study was to characterize 

behavioral changes using accelerometers during the peripartum period in pastured beef cattle.  
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Activity data were collected from 40 multiparous and 40 primiparous mixed-breed beef cows 

using accelerometers, housed on pasture. Data represented two successive fall calving seasons. 

Within 24 hours of parturition, changes in activity indices were demonstrably different from 

baseline. Time spent lying and standing decreased and increased, respectively, as well as 

increases in lying bouts frequency and steps.  

The fourth study, paired with the peripartum cow behavior study, characterized the 

behavior of neonatal calves during the first 7 days of life, using accelerometers. There is limited 

research utilizing remote monitoring technologies in young calves, especially pastured beef 

animals. Concurrently, measures of transfer of passive immunity and weight gain were assessed. 

Activity data and other parameters were collected from a total of 70 mixed-breed beef calves. 

During the first week of life, calves gradually spent more time standing, less time lying, and a 

reduction in lying bout duration. Calves born to multiparous dams had significantly higher IgG 

concentrations and increased weight gains compared to calves born to primiparous dams. A 

positive correlation between change in body weight and IgG status on day 7 was present in both 

primiparous and multiparous groups. Correlations between behavioral indices and IgG were 

found in calves of multiparous dams only. Calves with greater IgG concentrations demonstrated 

reduced activity.  

Overall, accelerometers were successfully applied and tolerated by pastured beef cows 

and calves. The results of our research indicate accelerometers were useful in the quantification 

of behavioral changes during naturally occurring physiological changes as well as during 

experimental subclinical disease incidents in cattle.    
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Chapter 1: Review of the Literature 

 

The objectives of the literature review herein include the following. First, a description of 

the acute phase response (APR), including the pathways which exist between the immune system 

and the brain, and the sickness behaviors elicited during an APR. Second, a discussion of 

traditional methods used for disease detection in cattle, including subjective assessment and 

measurement of acute phase proteins (APP). Within the context of the APR and sickness 

behaviors, the third objective is a review of the current technologies available for the objective 

quantification of physiological parameters and behaviors in cattle.   

The Acute Phase Response  

The innate immune system relies primarily on pattern recognition receptors (PRRs) and 

associated signaling pathways, specialized chemical signaling mediators (e.g. cytokines), the 

complement cascade, leukocytes, and various host defense peptides.1,2 In addition to the inherent 

barriers of the body, one of the first lines of defense against invading microorganisms are the 

phagocytic cells of the innate immune system. These include monocytes, tissue macrophages, 

and liver Kupffer cells.3 These cells possess various PRRs, which include the well-characterized 

Toll-like receptors (TLRs).4 PRRs bind their respective ligands, known as pathogen-associated 

molecular patterns (PAMPs) from invading microorganisms or endogenous danger-associated 

molecular patterns (DAMPs, i.e. alarmins) from damaged cells.5,6 Lipopolysaccharide (LPS), a 

component of the gram-negative bacterial cell wall, is a well-known PAMP.7 LPS binds to the 
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TLR-4 on monocytes / macrophages, which activates complex intracellular pathways 

culminating in the activation of nuclear transcription factors and synthesis of proinflammatory 

cytokines.8-10 IL-1 induces its own synthesis and the synthesis of other cytokines, including those 

that potentiate its actions (TNFɑ and IL-6) and those that antagonize it (anti-inflammatory 

cytokines, including IL-10 and IL-1 receptor antagonists).11-15 These inflammatory cytokines 

trigger acute inflammation and the acute phase response (APR), including the production of 

acute phase proteins (APP).16 Furthermore, the peripheral production of proinflammatory 

cytokines (IL-1, IL-6, and TNFɑ) has significant effects on the central nervous system (CNS), 

including physiological and behavioral changes characteristic of sickness.17-19 Overall, the APR 

encompasses the resetting of several homeostatic set points and a complex collection of 

neurologic, immune, endocrine, metabolic, and sickness behaviors.   

Neural and Humoral Communication Pathways between the Immune System and the Brain  

The concept of cytokine-induced sickness behavior has evolved over the past several 

decades. Kent, Bluthe, Kelley, and Danzter coined the term “sickness behavior” in 1992.20 As 

reported by Besedovsky et al. (1986), administration of both purified and recombinant IL-1 to 

mice activated the hypothalamic-pituitary-adrenal (HPA) axis, as evidenced by an increase in 

plasma adrenocorticotropic hormone (ACTH) and corticosterone in IL-1 treated mice.21 

Colleagues of Besedovsky (1987) subsequently demonstrated that IL-1 directly activates 

corticotropin-releasing factor containing neurons in the paraventricular nucleus of the 

hypothalamus.22 Subsequently, Danzter and Kelley (1989) proposed that the immune system 

does not work independently of the brain to regulate the host response to pathogens, and that 

communication is bidirectional between the immune system and brain, representing a 

physiological regulatory system required for host survival.23 Cytokines represented the 
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molecules of communication, informing the brain as to the occurrence of infection and triggering 

the non-specific behavioral responses such as lethargy, depression, sleepiness, and anorexia.17 

Concurrently, Hart (1988) independently formulated cytokine-induced sickness behavior in a 

similar way, with the febrile response rather than the behavioral changes as a starting point.17 

The coordinated febrile response and accompanying sickness behaviors representing a state that 

promotes resistance to infection and facilitates recovery. By limiting metabolically taxing 

activities (e.g. foraging) and favoring activities that decrease heat loss and increase heat 

production (e.g. rest and shivering, respectively), sickness behaviors positively contribute to the 

host’s recovery following infection.17  

To date, an enormous amount of evidence is available on the numerous actions provoked 

by cytokines both centrally and peripherally, as well as the underlying mechanisms governing 

the communication between the periphery and the brain to elicit sickness behavior. Initiation of 

sickness behaviors occurs by cytokines induced by infectious agents in the periphery, as well as 

direct production in the brain. IL-1 and other cytokines act on the brain via two main 

communication pathways: a neural route and a humoral route.24 The neural route includes the 

primary afferent neurons that innervate the periphery where the infectious processes occur, and 

relay of this sensory information to the CNS.24 The humoral pathway involves the production of 

proinflammatory cytokines by immune cells in the circumventricular organs (CVOs) and choroid 

plexus in response to circulating PAMPs or cytokines, with subsequent propagation of this 

cytokine signal to other parts of the brain.24 Several routes of immune-to-brain communication 

have been suggested for the action of inflammatory cytokines on the CNS, as these molecules are 

considered to act predominately in an autocrine or paracrine manner and are large hydrophilic 

peptides that cannot passively cross the blood-brain-barrier (BBB).  
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Vagotomy experiments in rodent models established the role of the vagus nerves in the 

transmission of information from the periphery to the brain. Bluthe et al. (1996) demonstrated 

the role of vagal afferent nerves in the transmission of an immune message from the periphery to 

the brain by injecting sham-operated and vagotomized rats peripherally or centrally with IL-1.25 

Vagotomy attenuated the depression in social exploration induced by intraperitoneal (IP) IL-1 

administration, but did not alter the behavior-depressing effects of intracerebroventricular 

administration, nor did it impair immune signaling within the CNS.25 The specificity by which 

afferent nerve transmission operates only within the abdominal cavity was demonstrated by 

Bluthe et al. (1996), in that vagotomy attenuates the decrease in social exploration induced by IP 

injection of IL-1 but had no effect when LPS was administered by the subcutaneous (SC) or 

intravenous (IV) route.26 The decreased response of vagotomized animals to proinflammatory 

cytokines is not due to an inability to mount a peripheral cytokine response, as vagotomy did not 

alter plasma cytokine concentrations or the ability of peritoneal macrophages to produce 

cytokines.26 IL-1β represents a key mediator in immune signaling from the peritoneum to the 

brain. As demonstrated by Goehler et al. (1999), IL-1β immunoreactivity was induced in 

dendritic and macrophages within the connective tissues associated with the abdominal vagus 

nerve within one hour after IP administration of LPS.27 This is consistent with the idea that IL-1β 

is rapidly expressed by immune cells after detection of pathogens and that these cells then signal 

the abdominal vagus by releasing cytokines. These findings furthered the previous findings of Ek 

et al. (1998), which showed IL-1 receptor expression by sensory neurons of the vagus nerve, and 

that circulating IL-1β stimulated vagal sensory activity.28 Marvel et al. (2004) provide further 

evidence for the role of vagal afferents in activating neurocircuitry which mediates sickness-

induced social withdrawal behavior, through the reversible inactivation of the dorsal vagal 
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complex (the primary projection area of the vagus nerves) via the local anesthetic bupivacaine in 

rats administered LPS IP.29 In addition, attenuated c-Fos expression (a prototypical marker of 

neuronal activity) was detected, supporting the immunosensory role of the vagus afferents from a 

neuroanatomical standpoint.29 Other afferent nerves can be solicited when the inflammatory 

response takes place in different parts of the body. Injection of LPS or IL-1β into the soft palate 

produces a febrile response via the glossopharyngeal nerve.30 Transection of these nerve trunks 

abrogated the fever response and enhanced expression of brain cytokines in response to the 

peripheral immune stimulus.30  

The importance of the neural pathway in the transmission of the immune message from 

the periphery to the brain is not the same for all components of the APR and sickness behavior. 

In particular, vagal afferents were less important for the cytokine-induced fever and activation of 

the HPA axis than for cytokine-induced sickness behavior.31,32 Transection of the vagus nerve 

inhibits fever only in response to low doses of LPS or IL-1β, whereas at higher concentrations, 

circulating cytokines acting on CVO override or outweigh vagal afferent input into specific areas 

of the brain responsible for fever generation.26 Evidence suggests that distinct pathways of 

immune-to-brain communication exist and that they function in parallel with the neural pathway 

to bring about the different facets of the APR and sickness behavior.  

 The BBB is an effective barrier due to the presence of tight junctions, lack of intracellular 

fenestrations, and a decreased rate of pinocytosis.33 These modifications prevent the leakage of 

serum proteins, including inflammatory cytokines, into the CNS. Recent evidence suggests that 

the function of the BBB extends beyond that of a sophisticated barrier and comprises other 

selective permeability, clearance, and secretory functions, a concept known as the neurovascular 

unit (NVU).33 The BBB represents a critical regulatory interface between the CNS and peripheral 
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tissues, occupying a pivotal position in moderating humoral immunosensory communication 

between the CNS and periphery.33 The neural pathway, described above, represents a fast, 

immediate pathway conveying peripheral inflammation to the brain and the resultant response. A 

slower pathway, the humoral pathway, involves the macrophage-like cells in the CVO and 

endothelial cells of brain vessels. Circulating peripheral PAMPs and cytokines act on these sites 

that lack a BBB, resulting in the local production of cytokines and molecular intermediates that 

diffuse into the brain. Ultimately, this results in changes in the thermoregulatory center, HPA 

axis activity, and onset of sickness behaviors, similar to those incited by the fast neural 

pathway.24,34 A clear connection between inflammation, the immune system, and the nervous 

system exists, whether mediated through the neural or humoral pathways. Next, discussion of the 

specific molecular mechanisms underlying sickness behaviors associated with the APR are 

presented, including the febrile response, anorexia, depression, lethargy, and reduced activity.   

Acute Phase Response and Sickness Behaviors  

Fever   

 Fever is a well-recognized, nonspecific clinical sign of inflammation and infection. 

Regulation of temperature homeostasis involves the hypothalamus, which contains a central 

thermostat in the preoptic area that keeps core body temperature within a narrow range.35 Fever 

represents a regulated increase in body temperature in response to an increased thermoregulatory 

set point. Differences exist in the extent certain substances can act as a pyrogen. Certain 

cytokines are true endogenous pyrogens, others are by-standers, and bacterial products and 

foreign antigens can be exogenous pyrogens (by acting on TLRs). TLRs share similar 

cytoplasmic signaling domains to IL-1 receptors.4 Furthermore, IL-1β, TNF, IL-6, and other 

cytokines share a common pathway to activate NFκB.4  To varying degrees, the proinflammatory 

cytokines IL-1β, IL-6, and TNFɑ can act directly on receptors in the preoptic area, effectively 
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reducing the firing rate of warm-sensitive neurons in the temperature-regulating region.36 This 

causes the thermoregulatory set point to be stabilized at a higher point, leading to increased heat 

production and reduced heat loss. For example, the following chain of events may result in a 

fever. An exogenous or endogenous pyrogen (e.g. LPS) in the periphery or in systemic 

circulation induces the production of proinflammatory cytokines. Circulating cytokines 

subsequently diffuse into the brain side of the BBB through fenestrated capillaries and act on 

brain parenchymal astrocytes. These pyrogens (cytokines) act on their respective receptors (e.g. 

TLRs or IL-1R), resulting in nuclear NFκB activation, with resultant cyclooxygenase-2 (COX-2) 

and prostaglandin E synthase expression. For example, both enzymes are expressed in 

endothelial cells of cerebral blood vessels and perivascular macrophages following IV 

administration of IL-1.37 PGE2 diffuses into the brain parenchyma and acts on neuronal EP3 or 

EP4 receptors in the brainstem and hypothalamic neural structures, both of which are involved in 

the control of the HPA axis activity38 and the regulation of body temperature.39 Behaviorally, 

animals seek warm environments, minimize foraging activities, and assume heat-sparing 

postures.17  

Anorexia   

 Programmed anorexia, as described by Hart (1988), may serve two potential roles: first, 

by not consuming food, an animal reduces the chance of raising the concentration of free iron 

contained within feedstuffs, which would counteract acute phase response mechanisms taking 

place in order to reduce the amount of free iron available to invading pathogens. 17 Second, a 

sick animal that does not feel hungry has little motivation to move about in search of food. 

Rather, it stays in one place, insulates itself from heat loss, has reduced muscle activity, and 

conserves energy reserves.17 As in thermoregulation, the arcuate nucleus of the hypothalamus 
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plays a central role in appetite regulation. The central control of eating behavior appears to be 

primarily via appetite suppression, with multiple overlapping suppressing brakes resulting in 

anorexia.40 Anorexia is a consistent sickness behavior demonstrable during the APR, and, like 

fever, appears to be mediated by proinflammatory cytokines through multiple pathways. 

Konsman et al. (1999) demonstrated that IP administration of LPS elicited TLR4-mediated 

production of IL-1β by macrophage-like cells in the CVO and choroid plexus.41 Laye et al. 

(2000) showed the role of endogenous brain IL-1β in the anorexic response of IP administration 

of LPS in rats.42 The observed decrease in food intake was associated with an enhanced mRNA 

expression of the proinflammatory cytokines IL-1β, IL-6, and TNFɑ in the hypothalamus.42 

Intracerebroventricular pretreatment with IL-1 receptor antagonist attenuated LPS-induced 

depression of foot intake and completely blocked the LPS-enhanced expression of the 

proinflammatory mRNA cytokine expression within the CNS.42 This supports a role of central 

endogenous IL-1β in the development of the hypothalamic cytokine response, including 

anorexia, to systemic inflammatory stimuli. Centrally administered IL-1β into the lateral 

ventricle of the brain induces all the central components of the APR, including fever, HPA axis 

activation, and behavioral depression.43 The IL-1β converting enzyme is responsible for the 

processing of inactive pro- IL-1β into mature IL-1β. Using mice deficient in this enzyme, 

Burgess et al. (1998) demonstrated KO mice were less sensitive to the depressing effects of LPS 

on food intake when injected with LPS in the lateral ventricle of the brain, whereas KO mice did 

not differ from controls in response to IP LPS.44  

As described by Kim et al. (2007), the cytokines and hormones involved in anorexia 

following LPS injection in rats are progressive and act at different times during the process. 

Appetite was decreased by 2 h after a single injection of LPS and remained decreased for 24 h. 
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However, TNFα levels peaked before 2 h, IL-6 levels peaked between 2 and 4 h, and leptin 

levels peaked between 8 and 16 h. Insulin levels were increased between 2 and 16 hours, and 

hypothalamic cytokines were increased by 30 min after LPS injection and remained increased for 

16 hours.45 This is not to suggest that IL-1β is the sole cytokine responsible for the anorexia 

during an APR. Rather, a complex cytokine network exists in which a given cytokine never acts 

alone but rather in the context of other cytokines, either potentiating or opposing the overall 

activity. Likely, similar to thermoregulation, the mechanisms of cytokine-induced anorexia 

involve prostanoids, as COX inhibitors can ameliorate LPS- and IL-1 induced anorexia in 

rodents.46,47 The reasons for why anorexia is advantageous in the face of infection remains to be 

fully understood. One hypothesis put forth by Bazar et al. (2005) is that filling of the intestine 

with food triggers a cytokine response that promotes a Th1 bias by the immune system.48 This 

theory further suggests that this bias may help antiviral immunity but not antibacterial immunity. 

Although this theory is highly speculative, anorexia ‘may’ promote a Th2 response that enhances 

antibacterial resistance while feeding ‘may’ help antiviral resistance.48 Interestingly, in human 

medicine there appears to be a solid link between some eating disorders and cytokine 

production.49 The significance of programmed anorexia in veterinary species is not fully 

understood at this time, although it has been questioned if selection of animals with enhanced 

feed conversion in production settings selects for animals with a Th2 bias.50  

 Programmed anorexia, along with the other parts of the acute phase response, may have 

profound repercussions in veterinary patients with chronic diseases. Although recognized in 

people for thousands of years, resurgence in veterinary research efforts has occurred to explain 

the pathophysiological mechanisms of cachexia.51 The weight loss that occurs in cachexia is 

unlike that seen in a healthy animal that loses weight due to insufficient caloric intake – in this 
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case, metabolic adaptations allow fat to be used as the primary fuel source, thus preserving lean 

body mass (LBM).52 Conversely, acute and chronic diseases alter concentrations of a variety of 

mediators, including inflammatory cytokines, which decreases the body’s ability to make 

metabolic adaptations required to switch to fat utilization, and thus amino acids continue to be 

used as a primary source of energy, with muscle and LBM quickly catabolized in the disease 

state.52 Research efforts on the various forms of cachexia have made it increasingly clear that 

multiple metabolic alterations are involved in the pathophysiology of cachexia, which comprise a 

redundant system with multiple pathways triggering muscle loss.52 The inflammatory cytokines, 

especially TNFα, IL-1β, and IL-6, are primary factors in cachexia because they cause anorexia, 

increase energy metabolism, and accelerate loss of LBM.52 The mechanism of action appears to 

be primarily through the NFᴋB pathway, which has numerous effects, including increased 

muscle proteolysis, down-regulation of the myogenic genes myoD and myogenin, decreased 

muscle regeneration, and inhibition of muscle differentiation.53,54 The catabolic effects of 

glucocorticoids also appear to occur by activation of NFᴋB, which appears to be a final common 

pathway in cachexia. A majority of skeletal protein catabolism in chronic inflammatory states is 

mediated by an ATP-ubiquitin-dependent proteasome pathway55, but other signaling cascades 

can be involved.56 This pathway involves the attachment of multiple molecules of the small 

peptide ubiquitin to proteins that are to be degraded, a process that requires ATP. The normal 

function of this pathway is to degrade any defective proteins produced in error. In the case of 

cachexia, the accelerated muscle degradation appears to be due, in part, to activation of this 

ATP-dependent pathway.52 TNFα also affects lipid metabolism since it directly interferes with 

the metabolism of triglycerides and cholesterol. TNFα acts on adipose tissue cells through its 

receptor TNFR1 to increase both MAP kinases and c-jun.57 This leads to activation of protein 
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kinase A that phosphorylates hormone-sensitive lipase and perilipins, the later regulating 

substrate availability for the former.57 As a result of these activities, free fatty acids are released 

into the circulation, enter the liver, and provide the substrate for triglyceride synthesis.57 

Extensive research efforts continue to evaluate the role of obesity, inflammatory cytokines and 

leptin as significant potentiators of the immune response.58-60 The proinflammatory cytokines of 

the APR, through the NFᴋB pathway and multiple other mechanisms, bring about anorexia 

during acute inflammation and significant muscle loss due to cachexia in chronic inflammatory 

states.  

Depression, Lethargy, and Reduced Activity  

Depression in animals can encompass many descriptors, including inactivity, lethargy, 

and listlessness or reluctance to engage with cohorts or the surrounding environment. As well, 

sick animals may reduce grooming behaviors.17 Although cattle do not necessarily display the 

same spectrum of behavior alterations during an APR as observed in rodents, the underlying 

mechanisms and the primary outward depression and reduced vigor is likely similar. For 

example, blockade of IL-1RI with a specific antibody completely abrogated the behavioral 

effects of centrally and peripherally injected IL-1β in mice, whereas the blockade of IL-1RII (a 

decoy receptor) potentiates the suppressing effects.61 As above, IL-1RI KO mice are no longer 

responsive to the behaviorally depressing effects of IL-1β injected directly into the brain or the 

periphery.62 The signaling pathways that mediate the behavioral effects of IL-1 are in part 

associated with the NF-ᴋB transcription factor. The central administration of a NF-ᴋB inhibitor 

peptide in rabbits blocked the somnogenic and pyrogenic effects of peripherally administered IL-

1β.63 Similarly, blockade of NF-ᴋB activation by intra-cerebroventricular administration of a cell 

permeant peptide that blocks the interaction of the NFKB essential modulator (NEMO) with the 
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IᴋB kinase complex abrogated sickness behavior elicited by intraperitoneal IL-1β.64 Overall, NF-

ᴋB appears to be the major transcription factor downstream to the IL-1 signaling (and other 

cytokines) at the BBB (humoral) interface. Although a clearer understanding of molecular 

mechanisms of centrally acting cytokines is still needed, including the neurotransmitters 

involved within the CNS, the present understanding of sickness behavior indicates that it is the 

outward expression of a reversible episode of cytokine expression and action in the brain in 

response to peripheral immune stimulation.24  

Proinflammatory cytokines are central to the communication pathways that link the 

periphery to the central nervous system. A fast acting neural and a slow-humoral communication 

pathway work in parallel, and ultimately converge to mediate their effects centrally to bring 

about complex (and incompletely understood) changes that manifest as sickness behaviors. The 

clinical implications of the acute phase response and sickness behaviors in livestock include the 

development of fever, programmed anorexia, and depression, along with altered metabolism. 

There exists the potential for negative consequences such as altered immune function and 

cachexia in prolonged, chronic disease states. Research efforts continue to characterize the 

molecular mechanisms that underlie the APR, as well as explaining the roles that various 

homeostatic alterations play in health and disease. The identification of sickness behaviors using 

remote monitoring technologies has the potential to improve our ability to detect disease earlier 

in its course in livestock, along with the expansion of our knowledge of how changes in behavior 

correlate with pathophysiological processes occurring in disease states. Characterization of the 

APR during various disease states in livestock will continue to improve with the use of these 

remote technologies, in conjunction with refined clinical illness scoring systems and adjunct 

tools, including biomarkers.   
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Traditional Methods of Disease Identification in Cattle  

Successful identification of morbid cattle, demonstrating sickness behavior and other 

signs of an ongoing APR is challenging. Successful treatment of illness starts with establishing a 

clear case definition.65 This case definition should be as simple yet encompassing as needed 

while not being cumbersome in its application. This is especially important in the livestock 

industry, as the daily husbandry practices, detection, and administration of treatment in sick 

cattle heavily relies on producers and lay personnel, all with varying levels of experience, 

comfort, and knowledge concerning animal behavior and pathophysiology of diseases. An 

example, which lends itself well to a discussion of subjective assessment and its limitations, is 

the identification of stocker or feedlot cattle suffering from bronchopneumonia. Bovine 

respiratory disease (BRD; also commonly reported as undifferentiated fever, UF) is one of the 

most important health problem in the feedlot industry.66 Identification of affected cattle is 

heavily reliant on the detection of clinical signs by pen-checkers. At present, a perfect 

antemortem diagnostic test for BRD is nonexistent.67 Clinical signs used in the identification of 

BRD commonly include depression, reduced feed intake or rumen fill, increased or altered 

respiratory effort, nasal discharge, and/or increased rectal temperature along with other 

secondary signs. Use of clinical illness scores (CIS) facilitate standardized evaluation of animals, 

with the assignment of values that correspond to the probability of a specific outcome.68 The CIS 

serve to improve consistency among observers and are an adjunct tool, not a stand-alone 

appraisal of the animal.68 Agreement between observers can be used to determine the 

repeatability (i.e. measure of precision) of the CIS. The sensitivity and specificity of a test 

determine the accuracy of the CIS; in other words, how well the test identifies the true disease 

status of an individual.69 Semi-quantitative CIS, varying in parameters and complexity in 
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application have been reported in several BRD studies.69-73 For BRD, this definition of CIS is 

particularly complex with respect to the varied outcomes of interest possible. This may include 

disease severity, lung consolidation, as well as quantifiable impacts of disease on morbidity 

(actual and proxy measures), mortality, production and performance parameters.  

Studies detected an association between the presence of pulmonary lesions at harvest and 

reduced performance (e.g. average gaily gain, ADG) in feedlot cattle.74,75 However, at present, 

no standard exists for defining a percentage of pulmonary involvement that would require 

medical intervention for cattle with BRD.69 Additionally, knowledge of prior disease and/or 

treatment is limited under field conditions.76 Nonetheless, use of lung consolidation scores as a 

measure to evaluate the effect of BRD is useful. For example, Thompson et al. (2006) reported 

an overall average reduction of 23 g for ADG when lung lesions were present at harvest. 

Increased severity of lung lesions resulted in greater ADG losses of 88 g.77 Based on clinical 

signs and treatment records, reductions in average daily gain (ADG) of 169 g and 21 g in the 

early phase and overall feeding period, respectively, were found in calves treated for BRD.77 

Some have suggested ADG to be a better indicator of respiratory disease than clinical sign-based 

diagnosis, although not without its own confounders.76 Using Bayesian methods, White and 

Renter (2009) report the use of lung consolidation scores for BRD detection to have an estimated 

diagnostic sensitivity and specificity of 77.4% and 89.7%, respectively.78 In contrast, Timsit et 

al. (2016) report a 91% sensitivity and 67% specificity of lung scores for the diagnosis of BRD.67 

Lung consolidation scores, however useful in the post-mortem diagnosis of BRD, do not provide 

antemortem detection of disease.  

Lung lesion scoring at harvest demonstrate the gap between CIS and accurate BRD 

detection, with ≥ 50% of pulmonary lesions detected at slaughter present in calves never treated 
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for BRD.74,77,79,80 Diagnosis of BRD based on clinical signs and increased rectal temperature has 

a reported sensitivity and specificity of approximately 60%.78 Thompson et al. (2006) found 

calves treated for BRD were more likely to have lung lesions than calves not treated, with a 

relative risk of 1.49 (95% CI 1.35 to 1.65, P < 0.001). However, 69.5% of animals with evidence 

of lung lesions at harvest were never treated for BRD. In addition, 16.9% of animals treated for 

BRD did not demonstrate lung lesions at harvest.77 Amrine et al. (2013) evaluated the precision 

and accuracy of a CIS of BRD in young Holstein bull calves, using pulmonary consolidation 

scores at harvest, one day post-CIS, as the reference standard (i.e. true disease status).69 The CIS 

demonstrated poor agreement, with a precision of 0.16 (95% CI, 0.10 to 0.24) and thus was of 

limited repeatability as a diagnostic test among observers.69 Depending on the percentage of lung 

consolidation defining a diseased state, the sensitivity ranged from 81.7% (55.4 – 96.4% range) 

at ≥ 5% cutoff to 98.9% (93.9 to 99.8% range) at ≥ 30% cutoff.69 Likewise, specificity ranged 

from 94.9% (81.3 – 97.3% range) at ≥ 5% cut-off to 80.8% (48.5 to 93.8% range) at ≥ 30% 

cutoff.69 In pre-weaned dairy calves, a calf respiratory score chart was recently found to have 

similar sensitivity (62.4%) and specificity (74.1%) estimates as those found in studies evaluating 

feedlot cattle.81 Using Bayesian methods, White and Renter (2009) report the use of clinical 

signs for BRD detection to have an estimated diagnostic sensitivity and specificity of 61.8% and 

62.8%, respectively.78 More recently, slightly greater estimates of sensitivity and specificity of 

observation for BRD diagnosis, 64.5% and 69.1%, respectively, were reported.82 Using similar 

statistical methods, Timsit et al. (2016) report a 27% sensitivity and 92% specificity for BRD 

detection based on clinical signs.67 Clearly, subjective assessment and the use of single or few 

measures to detect illness in cattle, as aptly demonstrated in BRD, is limited and significant 

improvement needs to be made to limit the impact of disease to the industry. Other tools for the 
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identification of morbid cattle are actively undergoing research. This includes the use of acute 

phase proteins and other biomarkers, chute-side ancillary tests (e.g. ultrasound, computerized 

auscultation technology), and remote technologies.73,82-88 Use of quantitative, objective measures 

in conjunction with improvement of conventional methods will expectantly improve our ability 

to assess the health status and well-being of cattle.   

Acute Phase Proteins of Cattle  

During an APR, proinflammatory cytokines act on the liver and other target cells and 

tissues to bring about biosynthetic changes, including the profile of circulating proteins.89 

Induction of acute phase protein (APP) synthesis takes place mainly through the stimulatory 

actions of TNFɑ, IL-1, and IL-6, as well as other effector molecules, such as glucocorticoids, 

insulin, and growth factors.90-92 Cytokines operate both as a cascade and as a network in 

stimulating and regulating APP production, such that the pattern of cytokine production 

reflective of the APR can differ under different types of inflammatory conditions, influencing the 

APP profile.89 APP exhibit immunomodulatory and binding properties, and are an important 

component of the innate immune response and the overall regulation of different stages of 

inflammation. APP are by definition proteins that demonstrates a positive or negative change in 

concentration by at least 25% following an inflammatory stimulus.93 Positive APP can be further 

categorized into major, moderate, and minor types based on the magnitude of concentration 

change and kinetic profile. Major APP have low to undetectable concentrations in the healthy, 

normal state, but increase over 100 to 1000-fold during the APR.16 Major APP increase rapidly, 

reaching peak concentrations within 24 – 48 hours, and decrease readily back to baseline with 

resolution of the inciting stimulus.16 Moderate APP are typically present in the blood of healthy 

animals but will increase 5- to 10-fold during an APR.16 Peak concentrations are reached in 2 to 
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3 days after stimulation, with a slower decrease back to baseline compared to major APP.16 

Minor APP show an even more gradual course of increase and decrease during the APR, with 

minor (1.5 – 2 fold) increases above baseline levels.16 Negative APP decrease in concentration 

following the onset of an APR. However, some negative APP decrease in serum concentration 

but are upregulated in extrahepatic tissues, such as the case of albumin, acting as a positive APP 

in mastitic milk.94 Apart from albumin, use of negative APP is limited in cattle. Four major or 

moderate APP of cattle (and the focus of review herein) include haptoglobin (Hp), serum 

amyloid A (SAA), lipopolysaccharide-binding protein (LBP), and ɑ1-acid glycoprotein (AGP).16 

Other APP include the positive (moderate to minor): ceruloplasmin, fibrinogen (Fb), inter ɑ 

trypsin inhibitor, ɑ2-HS glycoprotein, and ɑ1 anti-proteinase; as well as the negative APP 

albumin, paraoxonase, lipoprotein, and retinol binding protein.95-103 Using APP as sensitive 

biomarkers for detection of disease in cattle are widely reported in the literature. However, the 

presence of APP in healthy physiological states should neither be overlooked nor misinterpreted. 

Changes in APP occur in healthy neonatal calves, peripartum cows, and cows at different stages 

of lactation.104-113 Table 1 presents examples from the literature of the varied disease processes 

and APP profiles assayed. Thus, the signalment and production status of the animal should be 

considered during the evaluation of APP profiles. Table 2 presents reference ranges for APP 

described in healthy and disease states. Similarly, absolute values of APP are of value but 

comparison of absolute APP concentrations between different studies is challenging, given 

differences in study design, severity of disease models, and various analytical methods. Rather, 

trends and differences in the overall picture of the APP profiles during the APR should be the 

focus of comparisons between studies and conclusions.   
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Haptoglobin  

Haptoglobin (Hp) is a tetrameric protein comprised of two ɑ (~20 kDa) and two β (~35 

kDa) chains linked by disulfide bonds.114 In cattle, Hp is considered the most prominent APP 

released during inflammation, along with serum amyloid A (SAA). Hp exists in bovine serum as 

polymeric forms in association with albumin.115 During health, Hp is nearly undetectable in sera 

(<0.1 g/l), with increase in serum concentrations >100-fold during inflammation.116 Like other 

APP, the liver is considered the primary site of Hp production.117,118 However, many other cells 

and tissues provide significant contributions. Hp is locally produced in the mammary gland, 

pancreas, salivary glands, forestomach, and several other tissues.118-122 In addition, Hp is a major 

granule protein present within peripheral granulocytes in healthy cattle.123 Hp binds to free 

hemoglobin (Hb), with each Hp molecule containing four binding sites, two for each Hb 

dimer.124 Hp-Hb complexes are quickly removed from the circulation by liver Kupffer cells, 

limiting the damaging effects of free Hb.125 Hp serves an anti-oxidant role of iron stabilization, 

reducing the oxidative damage to tissues and organs, the kidney in particular.126 In addition, 

binding of Hb by Hp limits iron availability to invading bacteria.127 The high Hb-binding affinity 

of Hp is capitalized on by measuring the activity of Hb peroxidase for indirect assay of Hp 

concentration.128 Direct immunoassays, including enzyme linked immunosorbent assay (ELISA) 

and single radial immunodiffusion (RID) demonstrate higher sensitivity than Hb peroxidase 

activity-based assay.129 Overall, Hp activity during the APR is anti-inflammatory.130 Binding of 

Hp-Hb to CD163 of monocytes results in upregulation of anti-inflammatory mediators.131 Direct 

interaction between Hp and neutrophils results in downregulation of lipoxygenase, 

cyclooxygenase, and lysosomal protease activities as well as inhibiting the respiratory burst. 

130,132 Hp can dampen the deleterious effect of LPS by suppressing the release of TNF, IL-10, 
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and IL-12, providing protective effects in vitro and in vivo.130 Matrix metalloprotease-9 (MMP-

9), released as a result of neutrophil degranulation during active inflammation, can form 

complexes with Hp (MMP-9-Hp).133,134 MMP-9-Hp is demonstrable in sera of cattle with acute 

inflammation, but its function is not fully understood.133 Potentially, Hp serves as a scavenging 

mechanism, limiting the enzymatic activity and promoting clearance of the MMP-9.134   

Serum Amyloid A  

 Serum amyloid A (SAA) is a major APP of several veterinary species, including cattle 

and other ruminants.16 SAA belongs to a family of structurally related proteins that are 

constitutively expressed (SAA4) or upregulated during the APR (SAA1, SAA2, and SAA3).135 

As a major APP, plasma concentrations increase 100- to 1000-fold from baseline levels 

(~1.0mg/l serum, <0.3mg/l milk) during an APR.136,137 SAA1 and SAA2 are the main circulating 

isoforms, produced by the liver.138 SAA3 is the predominant inflammatory isoform, although 

detectable basal levels may occur in health.119 SAA3 is produced mainly by extra-hepatic sites. 

In cattle, extra-hepatic sites of SAA production include the mammary gland (M-SAA3), adipose 

tissue, forestomach, and may other sites.118,119,138-142 Interestingly, a study identified SAA as an 

adipokine, with adipose tissue being a major source of SAA.143 Body condition score, gestation 

and stage of lactation affect SAA concentrations, with SAA expression in adipose tissue reaching 

a peak around parturition, followed by a steady decline throughout lactation, and an increase at 

dry-off.139,141,144 SAA is also involved in cholesterol transport and metabolism, as SAA may 

become incorporated into high-density lipoproteins (HDL) with subsequent removal of 

cholesterol from inflammatory sites.97,99,100 The other biological functions of SAA remain mostly 

unknown. SAA demonstrates immunomodulatory properties and serves as an opsonin. In 

humans and mice, SAA acts as a chemoattractant, influencing the migration, adhesion, and tissue 
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infiltration of phagocytes.145 Expression of MMP by immune cells can be stimulated by SAA.146 

SAA can influence mucin expression and interfere with the adherence of pathogenic bacteria.147 

Furthermore, SAA can opsonize a wide range of gram-positive and gram-negative bacteria; in 

the later, interaction with the PAMP bacterial outer membrane protein (OmpA/OprF family 

protein) promotes bacterial phagocytosis by immune cells.148,149   

Lipopolysaccharide-Binding Protein  

Lipopolysaccharide-binding protein (LBP) is a 60-65 kDa glycoprotein found in 

circulation.150 LBP belongs to the family of lipid transfer/LPS binding proteins (LT/LBP)151, 

with the bovine LBP (bLBP) demonstrating 86 % similarity to the human form.152,153 

Physiological levels, approximately 2 μg/ml in cattle, increase several fold within 24 – 48 hours 

during the APR.154,155 The liver is the primary site of LBP synthesis, but other sources include 

the salivary glands, forestomach, mammary gland, and many other tissues.153,156 As its name 

implies, LBP binds the amphipathic lipid A moiety of LPS. Formation of LPS-LBP complexes 

facilitate the presentation of LPS to CD14+ cells, leading to the activation of the TLR-4 and 

resulting inflammatory response.157 LBP is not an absolute requirement for TLR4 activation, but 

greatly facilitates the interaction between LPS and CD14+ by 100 to 1000-fold.158 LBP also 

recognizes other PAMPs of gram-positive bacteria, resulting in the activation of other TLR 

pathways.157 Thus, the immunomodulatory effect of LBP is primarily to amplify the immune 

response to bacteria; however, a dampening effect of LBP can be observed, likely to reduce 

excessive systemic inflammation.   
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Alpha-1-Acid-Glycoprotein  

Alpha-1-acid-glycoprotein (AGP, also known as orosomucoid) is a 42-kDa heavily 

glycosylated glycoprotein and is a moderate, positive APP of cattle.159 Physiological levels 

ranging from 0.3 to 0.5 mg/ml, depending on the species, but increasing 2 to 5-fold during an 

APR.160 Structurally, AGP belongs to the lipocalin family, a ubiquitous group of proteins 

involved in binding, transportation, and sequestration of small hydrophobic molecules, with 

resultant immunomodulatory properties. AGP influences several activities of phagocytes, 

including modulation of apoptosis, impairment of chemotactic response, alteration of 

aggregation kinetics, and inhibition of superoxide production.161-167 During an APR, AGP is able 

to induce or enhance the secretion of several cytokines by mononuclear cells, such as IL-1β, IL-

6, and TNFɑ, dependent on other molecules present during inflammation.168-170 Given its high 

sialic acid content, AGP may serve as an anti-infectious agent as a nonspecific competitor for 

cell surfaces, blocking the binding and invasion of infectious agents.171-173 The liver primarily 

synthesizes AGP, but extra-hepatic synthesis occurs in the mammary gland, uterus, spleen, 

salivary gland, and other sites.119,156,170,173-175   

Investigation of APP as biomarkers of disease in cattle has been ongoing for several 

decades. Characterization of APP profiles during inflammatory and infectious disease processes 

have been described for both experimental and natural occurring conditions (Table 1). These 

include: experimental bronchopneumonia models using viral and bacterial challenge176-182, 

naturally occurring bovine respiratory disease (BRD) complex183-187, exposure to persistently-

infected BVDV cohorts188,189, clinical and subclinical mastitis190-195, puerperal metritis196,197, 

endometritis198-200, parasitic infections201-205, traumatic reticuloperitonitis206,207, abomasal 

displacement208,209, sepsis133, surgical trauma, hepatic lipidosis210,211, and claw disorders.212-214 
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Routine husbandry practices also influence APP profiles in cattle, including ration formulation, 

mineral supplementation215, vaccination216-218, weaning, castration219, commingling, and 

transportation. Use of experimental infections has improved the understanding of 

pathophysiology during disease, including the APP profile elicited during the APR. Utilization of 

APP under naturally occurring disease has focused on the economically important diseases of 

mastitis, metritis, and BRD, as well as nutritional management of cattle. Review of all potential 

disease processes and associated APP profiles is beyond the scope of this section. Rather, several 

studies evaluating the APR and associated APP biomarkers of BRD will be highlighted, with 

inclusion of other studies in the references. There is continued interest in applying APP for the 

differentiation of healthy from diseased, improving diagnostic accuracy, and overall assessment 

of health at the individual and group level under field conditions.220-225 Equally, the use of APP 

as biomarkers may have potential value in the prediction of disease severity, time course of 

disease processes, and monitoring treatment responses.85  

Experimental models highlight the importance of timing of APP determination during the 

course of disease, often a luxury not afforded under natural conditions. Single pathogen 

challenge studies demonstrate the ability of both viral and bacterial agents, alone, to elicit an 

APR (for examples, see ref179,226,227 and Table 1). Ongoing research in human and veterinary 

medicine has sought to evaluate the utility of APP panels to define disease processes and 

potentially specific etiological agents based on unique APP profiles. Subtle differences exist in 

APP profile magnitude and temporal patterns in viral, bacterial, and mixed pathogen disease 

models. In calves sequentially challenged intranasally with bovine herpesvirus-1 (BHV-1, day 0) 

and Mannheimia hemolytica (day 4), 10% of calves had detectable Hp on day 4 whereas on day 

5 43% had increased Hp concentrations.228 By day 8, 83% of calves had increased (peak) Hp 
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levels.228 Febrile responses did not parallel increases in Hp, as increased temperatures were 

observed 48 h after viral challenge, whereas overall clinical assessment and severity of disease 

coincided with bacterial pneumonia and increased Hp concentrations.228 The APR of calves 

challenged with either bovine viral diarrhea virus (BVDV), M. hemolytica (Mh), or a 

combination of both demonstrated similar changes in APP magnitudes but different temporal 

patterns.177 Increases in Fb and SAA were observed at (< 24h and 1-2 d) and (4-8 d and 2-4 d) 

post-inoculation for the Mh and BVDV challenged groups, respectively, whereas the BVDV-Mh 

group had a biphasic response.177 As expected, Fb concentration increases were protracted in 

onset, but similar differences in temporal patterns were observed between the treatment 

groups.177 The overall duration of increased concentrations of APP was significantly longer in 

the BVDV-Mh group compared to the BVDV, but not Mh alone.177 Although there is some 

possibility in distinguishing bacterial from viral infection using APP profiles, the overlap of APP 

profiles precludes the use of known biomarkers for the identification of specific etiological 

agents. Other disease processes offer similar conclusions. Inoculation of both gram-positive and 

gram-negative bacteria in the mammary gland elicit increases in APP, with magnitude and 

duration of APP profiles reflective of mastitis severity and not underlying etiological 

agent.136,229-232 As a result of increased abomasal tension and luminal pressures, increases in Hp 

and SAA can be detected in both left and right displaced abomasum (LDA and RDA), and thus 

APP profiles are not necessarily useful in distinguishing between different surgical 

conditions.208,209 Nor can Hp or SAA distinguish hepatic lipidosis from abomasal displacement, 

conditions often occurring simultaneously in early lactation dairy cows.208 This lack of 

specificity is not surprising, given the APR is a nonspecific indicator of inflammation, regardless 

of inciting cause. From a clinical relevance perspective, the use of APP for disease detection, 
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quantification of severity, and serial monitoring of progression during treatment will likely prove 

more beneficial.  

 Understood from a mechanistic, pathophysiological standpoint, BRD under naturally 

occurring conditions should result in similar APP changes as observed during experimental 

challenge models. However, translation of experimental challenge models to field conditions 

unfortunately is not straightforward or equal. Thus, discordant findings are reported for the 

diagnostic value of APP in the detection, monitoring of disease severity, and treatment response 

in cattle with bronchopneumonia. Difficulties in characterizing the APR and APP profiles under 

naturally occurring disease include correctly identifying time of disease onset, correct timing of 

sample collection during APR, and the multitude of other stresses that contribute to the APR. For 

example, Carter et al. (2002) detected a significant correlation between on-arrival Hp and SAA 

concentrations and the subsequent need for BRD antimicrobial treatment.233 Furthermore, 

significant differences of Hp concentrations at first treatment for bronchopneumonia existed 

between calves requiring one compared to multiple treatments.233 Similarly, Berry et al. (2004) 

detected an increased Hp concentration in calves requiring more than one antimicrobial treatment 

compared to those pulled once.234 Idoate et al. (2015) demonstrated good accuracy in the use of 

Hp and LBP, but not transferrin (a negative APP) for the diagnosis of BRD during the first 28 d 

on feed (DOF).185 Humblet et al. (2004) demonstrated positive and negative predictive values of 

70% and 80%, respectively, for parallel determination of Hp and Fb concentrations in the need 

for antibiotic and anti-inflammatory administration at the onset of bronchopneumonia.235 

Combination of two quantitative parameters, rectal temperature and Hp concentration, 

demonstrated an increased discriminatory ability to identify morbidity in group-housed dairy 

calves compared to individual parameters alone, with a 64% sensitivity and 71% specificity 
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found.225 Holland et al. (2011) report mixed results, as on-arrival Hp concentrations were not 

associated with overall performance (including morbidity rate), but potentially could identify 

calves requiring multiple antimicrobial treatments.222 In contrast, Burciaga-Robles et al. (2009) 

found on-arrival Hp concentrations to have limited value for the accurate prediction of BRD with 

an inability for distinguishing calves requiring one versus multiple antimicrobial treatments.184 

Similarly, another study demonstrated that on-arrival Hp concentrations had a low correlation 

with subsequent number of antimicrobial treatments for bronchopneumonia.71 As reported by 

Young et al. (1996), Hp concentrations increased in all calves with increasing number of days on 

feed (DOF) and observed differences in Hp concentration between healthy and BRD affected 

calves were small (P < 0.1), with poor positive predictive values.236 Similarly, the ability to 

predict pulmonary lesions at harvest based on the highest Hp concentration obtained was low.236 

Calves suffering from BRD demonstrated a wide range of Hp concentrations at first pull (0 to 

508 mg/dl), which was not predictive of recovery success.237 Calves treated had a greater 

decrease in Hp levels compared to non-treated affected cohorts at the end of the treatment 

period.237 However, Hp concentrations at the end of treatment were not predictive of lung lesions 

at harvest.237 Abdallah et al. (2016) summarize the incongruity of APP value in BRD diagnosis 

in a recent systematic review.238 Using meta-analytical methods, the diagnostic utility of Hp, 

SAA, and fibrinogen for identifying naturally occurring BRD were evaluated. Sensitivity ranges 

of Hp, SAA, and fibrinogen were 61 – 100%, 53 – 100%, and 57 – 80%, respectively.238 

Correspondingly, specificity ranges were 80-100%, 43-94%, and 89-95%, respectively.238 Based 

on ROC analysis, Hp demonstrated the greatest accuracy of the APP evaluated.238 However, the 

overall conclusion of the authors was that no firm conclusion on the diagnostic value of using 

APP to rule-in or rule-out BRD compared to traditional approaches was possible.238 The 
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importance of bronchopneumonia as a major production limiting disease of cattle on-feed 

suggest there may be value for the application of APP profiles during veterinary antemortem and 

postmortem inspection at harvest to improve food safety and meat quality, along with many 

other disease conditions. Healthy cattle at harvest typically do not have significant increases in 

APP, allowing differentiation of healthy from diseased cattle. In bob-veal calves, Hp was not 

useful in distinguishing severity of lesions at harvest, but the positive and negative predictive 

values of an increase in Hp were 64% and 90%, respectively.239 In emergency-harvested dairy 

cows, Hp and AGP concentrations were useful for differentiation of diseased animals from those 

with a normal clinical condition, with Hp concentrations 6-fold higher in cows with severe 

infectious lesions compared to those with minor lesions.240 However, APP could not 

quantitatively predict meat inspection results (e.g., carcass condemnation rate or trim 

percentage).240 Similar, cull dairy cows had 40-fold and 7-fold increases in Hp and SAA, 

respectively, compared to healthy beef type animals.241  

Further refinement of subjective assessment methods, including the standardization of 

clinical illness scores and their evaluation under varied field conditions is merited. As well, 

continued evaluation of APP and other biomarkers is needed to improve disease detection in 

cattle. These traditional disease detection methods may be improved by the use of remote 

technologies.  

Remote Monitoring Technologies  

Application of remote monitoring technologies has dramatically increased in cattle 

production. Use of these technologies for the remote, noninvasive acquisition of objective 

physiological and behavioral data provides opportunities for improvement in productivity, 

health, and animal welfare. The objectives of the following section are to describe current 
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monitoring technologies used in cattle production, their application in the detection of normal 

physiological events, as well as the quantification of sickness behaviors in moribund cattle.  

Temperature Monitoring   

Veterinarians and producers regularly measure body temperature (BT) to monitor 

physiological and pathological processes in cattle. Cattle demonstrate diurnal variation in BT 

(minimum and maximum BT in the morning and evening, respectively), and a typical average 

daily BT within the range of 38.0 to 39.4 ⁰C.242 Various external and internal factors influence 

BT, such as overall health, level of activity, estrus, pregnancy status, eating and drinking 

behavior, days in milk, milk yield, time of day, and current climatic conditions.242-252 Since the 

stage of estrous cycle impacts BT in cattle, the detection of estrus has been evaluated by several 

different modalities, including serial evaluation of rectal, vaginal, and milk temperatures, use of 

intra-vaginal probes and rumen boluses, as well as infrared thermography and tail-base sensors 

for evaluation of skin temperatures. Similarly, changes in temperature are useful in the prediction 

of calving onset. Various anatomical locations have been utilized for the measurement of BT in 

cattle, including the rectum, ear (tympanic), vagina, reticulorumen, intraperitoneal cavity, and 

udder (skin, subcutaneous tissue, and milk), and agreement between the various sites has been 

established.246,250,253-260 Quantification of BT is a common practice in beef and dairy standard 

operating protocols, although controversy exists over temperature thresholds consistent with 

disease and the need for intervention.261 

Transition dairy cow management includes scrutiny of early postpartum cows for the 

early recognition of sick cows by farm personnel. During the first 14 DIM, various parameters 

(e.g. BT, attitude, milk production, uterine discharge, ketones) are evaluated for the identification 

of common peripartum diseases.262 Daily rectal temperature evaluation can detect changes 72 to 
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48h before the diagnosis of puerperal metritis.263 For cattle on feed, traditional methods (e.g. pen 

checking) are highly reliant on visual appraisal of animals for signs of depression, nasal or ocular 

discharge, lethargy, changes in respiratory effort, reduced feed intake and gut fill, or any 

combination for the detection of sick animals. Symptomatic animals with rectal temperatures 

>40.0 ⁰C are usually considered morbid (case definition of BRD).264 Diagnosis of BRD based on 

clinical illness scores is very limited in its sensitivity67, and is highly dependent on observer skill 

and disposition of cattle, as discussed previously. In calves with BRD, the febrile response 

severity is closely associated with worsening of clinical signs.265 Avra et al. (2017) detected 

significant differences in rectal temperatures at the time of treatment and the subsequent risk of 

treatment failure for low-risk cattle.266 In contrast, another study reported that rectal temperature 

was not predictive of the ability to finish the production cycle.267 Although highly repeatable, 

rectal temperature  used as a single diagnostic criterion for the presence of disease is 

limited.261,268 Use of a single time-point rectal temperature is prone to type I error (i.e., fever 

when the animal is healthy) and type II error (i.e., no fever when the animal is sick).261 Although 

frequent measurement of BT using hand held thermometers is simple, common, and relatively 

cost effective, it is also labor intensive, time consuming, and handling of the animal can cause 

increases in temperature due to stress and excitement. Recognition of the need and development 

of devices capable of continuously measuring body temperature in cattle is not new.269,270 

Devices capable of continuous temperature measurement and relay of data by radiotelemetry 

have been used primarily in research, for the detection of health events under controlled settings 

in real-time. Wide acceptance and use in commercial livestock production has been limited. 

Dependent on the technology used, this may be due to multiple factors including invasiveness of 

implanting device, sensor stability and retention, battery life, and the cost of equipment. With 
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advancement in technology capabilities and reduction in manufacturing costs, there is a renewed 

interest in remote temperature monitoring modalities in research and commercial production. 

Temperature monitoring modalities include sensors affixed or internally administered to the 

animal as well as remote acquisition of external temperature by infrared thermography.   

Implanted Thermometry  

Use of continuous thermometry using implantable temperature-sensing microchips has 

been evaluated in several domestic, exotic, and wildlife species.271-276 There is close agreement 

between rectal temperatures and the detection of both normal and abnormal (febrile) temperature 

ranges by the implanted transponders. Description of products used in cattle are limited to 

research settings. Goodwin et al. (1998) compared tympanic infrared thermometry, 

subcutaneously implanted microchip thermistor, and rectal thermometry in horses, sheep, and 

goats.274 Subcutaneous microchips demonstrated the greatest variability of the three methods. In 

goats, there were moderate to strong correlations between the three modalities, with only 

moderate correlations in sheep and poor correlations in horses.274 With respect to the different 

modalities, temperatures increased between tympanic, rectal, and subcutaneous measurement for 

goats, whereas in sheep the order was rectal, tympanic, and subcutaneous.274 Lee et al. (2015) 

reported the long-term evaluation of subcutaneous temperature monitors under fluctuating 

environmental and seasonal conditions using a subcutaneously implanted RFID thermo-logger 

(iButton DS1922L, Maxim Integrated, San Jose, CA)b in Holstein steers. Thermo-loggers 

accurately captured circadian temperature rhythms within a stable temperature range, over 

several seasons.277 However, a significant impact of sub-zero ambient temperature on device 

measurement (< 37 ⁰C) was observed, and the authors advise that the device not be used for 

quantification of hypothermic states.277 Recently, Grissett et al. (2014) utilized the Biothermal 
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RFID Chip (Destron Technologies, Round Rock, TX)a for the assessment of an intranasal 

modified-live virus vaccine and the impact of different ambient temperatures in cattle.278 

Commercially marketed as LifeChip® by Destron Fearing™ the device is for the permanent 

microchip identification of companion livestock, along with its ability to monitor subcutaneous 

body temperature.a Reports for the validation of thermometry microchips are available for dogs, 

horses, sheep, and goats.274,279,280 Using a thermistor-tipped pulmonary artery catheter as the 

reference of core BT, Greer et al. (2007) found similar agreement between the rectal 

thermometer and subcutaneously implanted thermistor microchip, both of which were more 

reliable than auricular thermometry.279 Although reasonable agreement between core BT and 

microchip-based subcutaneous temperatures were present, a difference as great as 3.5 ⁰C was 

observed, which brings into question the thermistor microchip accuracy.279  In horses, thermistor 

microchips are strongly impacted by ambient temperatures and often under- or over-estimated 

body temperature, dependent on the current weather conditions. Based on the findings of 

Robinson et al. (2008), if one relied on thermistor measurement alone for the detection of fever, 

> 50% would be missed in cooler ambient temperatures, whereas <15% would be missed when 

the ambient temperature is > 15.6 ⁰C.280 Although effective in monitoring temperature 

continuously, conveniently without the need for restraint, and relatively accurately, the use of 

subcutaneously implanted thermometry transponders is expected to remain limited to research 

settings, because the use of such devices in livestock destined for slaughter would constitute 

adulteration of the carcass.    

Based on similar thermistor technology used in the subcutaneous implants, wearable 

sensors in contact with the skin for monitoring of temperature in calves and adult cattle have 

been developed.281 In a pilot study by Nogami et al. (2013), the tail-base skin temperature in a 
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young calf was continuously monitored for 16 days to compare the daily maximum temperature 

to the daily maximum rectal temperature.281 The sensor was adhered to the tail with elastic 

adhesive tape, had a reported accuracy of ± 3 ⁰C, and had activity monitoring (accelerometer) 

capabilities.281 Skin temperature was 2-3 ⁰C lower than rectal temperature, but was in agreement 

with circadian rhythm increases and decreases of temperature within 24-h periods.281 Correlation 

between rectal temperature and sensor skin temperature in this one calf was r = 0.8.281 Erroneous 

readings were periodically observed and were likely due to loss of sensor contact with the 

skin.281  Using the same skin thermistor sensor, Miura et al. (2017) monitored skin temperature 

throughout a complete estrous cycle in cows and heifers, during three consecutive seasons.282 

The largest change in skin temperature from baseline was on the day prior to ovulation.282 A 

maximum amplitude of 0.92 ± 0.35 ⁰C at 21.5 - 29.5 h before ovulation, coincided with the 

highest LH concentration during the preovulatory spike.282 Commercialization of such skin 

thermistor sensors for cattle will likely be realized in the future. However, refinement of a 

prototype with easier application and retention of the skin thermistor to the base of the tail is 

needed.  

Intra-Vaginal Thermometry   

 The hormonal profiles and temperature changes throughout the estrous cycle in cattle 

have been extensively characterized, and the impact of pharmacological protocols to induce 

estrus on BT have been quantified using several thermometry methods.242,283-288 Changes in milk 

temperature as an indirect measure of body temperature have also been evaluated using in-line 

sensors.289-291 Monitoring of temperature changes can be utilized for the detection of onset of 

estrus for natural and artificial insemination (AI) purposes. Serial evaluation of rectal and vaginal 

temperatures by hand held meters is labor intensive and insensitive to cyclical temperature 
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changes. Development of microprocessor controlled data loggers, attached to a modified 

controlled internal drug release (CIDR) for retention, allow measurement of vaginal temperature 

using radiotelemetry. In brief, during the preovulatory period, a decline in serum progesterone (< 

0.5 ng/ml) with preovulatory rises in estradiol and LH (20 to 56 hours post P4 decline) are 

observed, followed shortly by a temperature spike  ≥ 0.3 ⁰C, ranging from 3 – 9 hours in 

duration.285 Different magnitudes of temperature change, 0.3 to 1.3 ⁰C have been observed. 

242,248,283,284 Longer durations in temperature spike were observed in heifers (4 – 21 hours).286 

Ovulation follows the preovulatory LH surge by approximately 24 hours (16 – 33 h).286 The 

preovulatory LH peak precedes the temperature spike, ranging from 8 to 20 h; whereas estradiol 

peaks before, concurrent with, or after the temperature spike.285,286  Mean duration between 

temperature spike onset and ovulation was 21.14 h (s.d. 6.07, n = 7) in heifers, based on 

laparoscopic confirmation of ovulation.286 The interval between the onset of the temperature 

spike to the time of ovulation was as consistent as the intervals between the other measured 

hormonal profiles associated with ovulation.286 In agreement, strong correlations (r = 0.82, P < 

0.05) between ovulation with onset of standing estrus, LH peak (r = 0.81, p < 0.05), and increase 

in vaginal temperature (r = 0.74, P < 0.05) were reported by Rajamahendran et al. (1989).287 

Suthar et al. (2011) report the impact of PGF2ɑ-induced estrus on body temperature using the 

vaginal temperature logger (Minilog8, Vemco Ltd., Halifax, Canada) attached to a modified 

CIDR. 248 High body temperatures (39.0 ± 0.5 ⁰C), with a maximum absolute increase of 0.5⁰C, 

and low progesterone concentrations (< 0.5 ng/mL) were observed during estrus, whereas low 

body temperatures were observed from PGF2ɑ injection to estrus (38.6 ± 0.3 ⁰C) and around 

ovulation (38.5± 0.2 ⁰C), respectively.248  
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Despite the widespread use of vaginal temperature loggers, validation of data captured by 

vaginal temperature loggers was performed by Vickers et al. (2010) recently and  demonstrated 

that vaginal temperature loggers provide a reasonable measure of body temperature.260 However, 

the strength of the relationship between vaginal and rectal temperature is dependent on the 

temperature range and the time elapsed between measures. Correlation coefficients between 

vaginal and rectal measures were 0.81 and 0.46 for postpartum and peak-lactation cows, 

respectively (P < 0.001).260 In healthy cows and those with retained placenta, vaginal 

temperature loggers captured the diurnal rhythm of temperature changes accurately.260  

Continuous vaginal temperature monitoring throughout the entire estrous cycle in 

lactating beef cows via radiometric transmitters was reported by Kyle et al. (1998).283 An estrus-

related peak in vaginal temperature was defined as an increase of 0.4⁰C for 3 or more 

consecutive hours compared to baseline temperatures defined over 2- or 3-day periods.283 A 

mean maximum in vaginal temperature of 0.9 ± 0.3 ⁰C at estrus was observed, with a duration of 

6.5 ± 2.7 hours.283 Vaginal temperature for 48-hours preceding the estrus rise in temperature was 

significantly lower than that of the previous 96-hours in 84% of cows (P < 0.05).283 Use of the 

peak in vaginal temperature for the prediction of estrus had a sensitivity of 89.4% and a positive 

predictive value of 85.7%, while visual observation had a sensitivity and positive predictive 

value of 53.2 and 96.2%, respectively.283  This was an improvement in estrus detection compared 

to the findings of Redden et al. (1993), wherein estrous was detected in 81% of cows, with an 

overall accuracy of 69% using vaginal temperature changes.284 Vaginal temperature changes 

were reportedly more predictive of estrus compared to pedometer-based data; and, unlike 

locomotor activity, vaginal temperature change was not impacted by seasonal differences.292 
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In a small pilot study by Aoki et al. (2005), continuous vaginal temperature monitoring, 

via the use of a thermocouple sensor, was predictive of calving within 36 to 60 hours once a 

decrease in temperature ≥0.3 ⁰C was observed, with an accuracy of 74%.293 The device described 

was comprised of a harness, data-logging apparatus, and a thermocouple sensor inserted into the 

vagina and bonded to the vulva using an adhesive.293 This sensor configuration would be too 

cumbersome for commercial use, necessitating the development of more practical technologies 

Other sensor types for the detection of BT changes have also been developed, whether it 

be for health monitoring or estrus detection. In a pilot study by Fisher et al. (2008), a prototype 

toroidal conductivity sensor was tested for its suitability to measure vaginal temperature and 

conductivity for timed artificial insemination (AI) purposes in non-lactating cows.288 Although 

conductivity of vaginal mucus rose steadily until the LH surge, overall conductivity was not 

reliable for prediction of the LH peak due to large variability in the recorded data.288 However, 

the captured temperature data was useful for prediction of the LH peak, with a mean increase in 

vaginal temperature at estrus of 0.48 ⁰C.288   

Ear-tag Thermometry  

 Another temperature monitoring modality is a thermistor affixed to an RFID-ear tag, with 

several commercially available systems. These devices measure external ear canal temperature 

based on tympanic and/or external auditory canal thermometry as a proxy to core body 

temperature. Similar to subcutaneously implanted thermistor technology, critical assessment of 

this remote-monitoring modality appears to be limited in cattle, under both research and 

commercial settings. The FeverTag® (Fever Tags®, Amarillo, TX)c continuously monitors 

temperature and alerts the producer by a flashing LED light when ear canal temperatures exceed 

>39.8 ⁰C for 6 h. McCorkell et al. (2014) found consistent activation of the tag to be at a 
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temperature considerably higher than the factory-set threshold of 39.8 ⁰C.294 Evaluation of 

auction market-derived calves for the diagnosis of BRD, based on CIS, increased rectal 

temperature, and hematological changes, found positive (flashing light) ear tag responses in 85% 

of CIS positives in an initial group of calves, whereas only 15% of CIS positives in a second 

group.294 Although most ear tags flashed at the time of clinical illness detection in the first group 

of calves, the authors speculate discordant findings in the second group of calves were due to 

placement of the tag too lateral in the pinna.294  As reported by the same research group, under 

experimental BVDV infection, detection of illness based on FeverTag® response was found in 

only 50% of calves demonstrating clinical signs of illness.294 Although false positives were very 

rare, the presence of false negatives and inferiority to subjective clinical assessment warrants 

improvement in tag accuracy and reliability for the tags to be useful in the early detection of 

BRD, under commercial feedlot conditions. As reported by Mahendran et al. (2017), 

identification of enzootic pneumonia in housed dairy calves using the FeverTag® system is 

sensitive for the detection of several fever-inducing calf-hood diseases.295 The continuous 

monitoring of temperature post-treatment also was beneficial for the identification of calves 

failing to respond to initial treatment.295  

Rumen Thermometry Boluses  

Intraruminal sensors are a noninvasive alternative to surgically implanted devices. 

Commercially available rumen boluses can acquire data on rumen pH and temperature, as well 

as provide a means of electronic identification when incorporated into the device. Examples 

include boluses commercially available from smaXtec (Graz, Austria)d and eCow (Exeter, 

England)e. With respect to safety, Antonini et al. (2006) evaluated the biological impact of 

rumen boluses in vivo, including the mechanical action of the bolus on ruminal mucosa, 
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alterations in reticulorumen motility, and overall animal health and performance over a two-year 

period.296 Retention of the transponders was 97.6%, lower compared to previous reports ranging 

from 98.8% to 99.7% in various ruminants.297-299 Over the 2-year study period, the presence of 

the transponder did not affect annual milk yield, milk fat yield, and milk protein yield (P > 0.05) 

or weight gain in treated cattle.296 Similarly, treatment did not influence the reproductive traits, 

except conception rate, which was greater in treated cows (P < 0.05).296 Treated bulls, heifers, 

and cows showed a lower number of chewing movements (P < 0.01), and treated animals tended 

to have a greater frequency of regurgitation (P = 0.07; P =0.26; P = 0.08 bulls, heifers, and cows, 

respectively) when compared to controls.296 The later finding is the first report of a change in 

rumination behavior due to the presence of the bolus. However, its relevance and repeatability 

remains to be further explored. The presence of ruminal transponders did not affect performance 

or reproductive traits, suggesting that modification of ruminal motility patterns was not able to 

exert negative effects on digestive and reproductive physiology.296 Evaluation of postmortem 

localization of transponders found gross lesions within the reticulum mucosa of 9/43 animals 

(transponder in place for a period of 461 ± 27 days), histologically characterized by mild 

dystrophy and flattening of folds and papillae over a limited area.296 Due to the activity of heat-

producing rumen microorganisms within the forestomaches, reticulorumen temperature is 

approximately 0.5 ⁰C greater than rectal temperature.255 Using rumen temperature boluses, strong 

correlations between rectal and reticulorumen temperatures were demonstrated indicating that 

reticulorumen temperature is an effective measure of core body temperature.255 Bewley et al. 

(2008) demonstrated a strong correlation (r = 0.645, P < 0.0001) between reticulorumen and 

rectal temperatures (n >2000 observations) over a 4-year period in a commercial milking herd, 

under various environmental conditions. 255 Factors found to impact rectal and reticulorumen 
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temperatures included: season, milking, housing system, and parity.255Water intake, dependent 

on its temperature, can also lead to large fluctuations in reticulorumen temperature lasting 

several hours.247 Thus, reticulorumen boluses provide a safe, noninvasive, and effective means of 

continuously quantifying BT and represent a useful remote monitoring tool for determination of 

health status in cattle.    

Monitoring of reticulorumen temperature has been successfully used for the detection and 

prediction of disease onset in beef and dairy cattle. Rose-Dye et al. (2011) demonstrated the 

ability of radiotelemetric boluses to detect reticulorumen temperature increases under 

experimental challenge with exposure to BVDV persistently infected animals, intratracheal 

inoculation with Mannheimia hemolytica, and the combination of viral exposure and bacterial 

challenge in steers.300 Rumen temperature boluses detected an immediate response to M. 

hemolytica challenge, whereas exposure to PI BVDV animals caused cyclical temperature 

increased during and after exposure.300 Response to M. hemolytica challenge increased daily 

average and maximum ruminal temperatures by approximately 1.2 ⁰C compared to control calves 

(P < 0.01), with rumen temperatures returning to those of controls by 24 hours following 

bacterial inoculation.300 Following BVDV exposure, maximum temperature increases were 0.8 

⁰C greater, and those for the viral and bacterial combined challenge were 1.3 ⁰C greater than 

controls (P < 0.01).300 Collectively, these findings show detectable changes in reticulorumen 

temperature following challenge with M. hemolytica and BVDV exposure300, similar to those of 

Burciaga-Robles et al. (2010) demonstrating changes in rectal temperature under very similar 

experimental conditions.188   

Evaluating fattening bulls in France, Timsit et al. (2011) detected BRD in young bulls 

before the onset of clinical signs of the disease using radiotelemetric reticulorumen boluses.301,302 
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In their study, 87.5% of bulls were diagnosed with BRD. Use of rumen boluses to detect rumen 

hyperthermic (RH) episodes improved BRD detection by 17% over visual appraisal.301  

Furthermore, RH episodes preceded clinical disease detection, on average, by 51 hours.301 Most 

bulls had 1 to 5 RH episodes, with multiple episodes separated by intervals of 3 – 19 days.301 The 

mean duration of RH episodes was 60 hours (± SD 43h, range 9 – 190h), with reticulorumen 

temperatures ranging from 39.4 to 42.4⁰C (mean ± SD, 40.6 ± 0.4⁰C), and averaging 0.57 ⁰C ± 

0.27 ⁰C higher than rectal temperatures.301 Increased haptoglobin concentrations were observed 

during RH episodes, with concentrations > 0.13 g/L being reached in 73% of RH episodes.301 

The positive predictive value of RH episodes (>6h) for the detection of BRD cases was 73%.301 

However, the prevalence of BRD was particularly high in this study and further research to 

determine the utility of RH episodes in predicting BRD in groups of animals with a lower 

prevalence of BRD is needed. The remaining RH episodes (27%) were not predictive for BRD 

(14/52). Timsit et al. propose agonistic interactions (e.g. young bulls fighting), fever episodes 

following vaccination performed at entry, or diseases other than BRD might account for non-

diagnostic RH.301  

In a prospective case-control study by Adams et al. (2013), the feasibility of using rumen 

temperature boluses to aid in early disease detection in dairy cattle was evaluated.250 

Reticulorumen temperature data were captured thrice daily by a plate reader that powered the 

bolus, as cows exited the parlor. Significant temperature increases from baseline were predictive 

of pneumonia and mastitis, but not for lameness or metritis.250 In addition, cows that developed 

mastitis or pneumonia had increases in RT within a 7-day period, preceding the detection of 

clinical signs by farm personnel.250  
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Development of rumen boluses capable of quantifying and relaying pH for research 

purposes negates the need for surgical implantation of pH meters.303 Monitoring rumen pH in 

conjunction with temperature by incorporating both modalities into a single bolus is 

advantageous and provides complementary data.304 This is important from a rumen health 

standpoint, for example, for the detection of subacute ruminal acidosis (SARA), a common 

disorder of high production dairy cattle and cattle on feed for harvest purposes. It is possible to 

predict rumen pH based on rumen temperature.256,305 However, others have cautioned use of 

rumen temperature alone to predict pH changes, as both rumen temperature and pH are subject to 

circadian changes associated with fermentation.304 AlZahal et al. (2011) evaluated the ability of 

radiotelemetric boluses to differentiate between rumen temperature changes that were due to 

subacute ruminal acidosis (SARA) or LPS induced endotoxemia.306 In that study, feeding 

regimens [rations included: moderate forage: concentrate ratios (MFC) or high forage: 

concentrate ratios (HFC)] to generate rumen pH changes characteristic of SARA and the 

intramammary infusion of 100μg of LPS (E.coli O111:B4) to induce a systemic endotoxemia 

febrile response were used to compare outcome parameters.306 The group had previously 

demonstrated ruminal temperature was negatively correlated with ruminal pH under SARA 

conditions.256 Radiotelemetric boluses recorded a longer duration of ruminal temperature above 

38.8 ⁰C in MFC cows compared to HFC cows, resulting in the suggestion that a threshold of 

38.8⁰C be used for SARA detection in nonfebrile animals.306 Ruminal temperature during LPS-

induced endotoxemia peaked on average between 40.5 to 41.0 ⁰C and remained above 40.0 ⁰C 

for approximately 2 hours, whereas the average daily maximum due to the dietary effect 

remained below 39.5 ⁰C.306 Although the telemetric boluses were able to capture febrile 
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responses during endotoxemia, a dietary effect was not demonstrated and detection of SARA 

was limited to nonfebrile animals.306  

In addition to the detection of disease, use of rumen temperature boluses enables the 

detection of changes in body temperature associated with the normal physiological events of 

estrus and parturition. Use of rumen temperature boluses in Angus beef cows by Cooper-Prado et 

al. (2011) demonstrated a significant decrease in rumen temperature 48 to 24 hours before the 

onset of parturition (P < 0.001), as well as a significant increase in rumen temperature at 0 to 8 

hours after the detection of estrus (P < 0.001).307   

Infrared Thermography  

Infrared thermography (IRT) represents a non-invasive modality for the determination of 

peripheral skin temperature in cattle remotely and in real-time. Based on the principal that all 

objects emit infrared radiation proportional to their temperature via conduction, convection, and 

radiation according to the Stefan-Boltzmann law, a thermal camera absorbs infrared radiation 

and generates pictorial images based on the amount of heat generated.308 Thermal imaging is 

useful for the detection of physiological and pathological changes in skin temperature associated 

with disease, welfare issues (e.g. heat stress and transportation), as well as the impact of routine 

husbandry practices (e.g. branding) on livestock.309-317 Skin surface temperatures reflect the 

underlying circulation and tissue metabolism, which are subject to autonomic nervous system 

control. The presence of inflammation – classic signs of rubor, calor, dolor, tumor, and functio 

laesa – can influence surface temperature. This may allow the detection of subtle temperature 

changes associated with local or systemic inflammation, for example, changes in udder skin 

surface temperature (USST) associated with mastitis. Measurement of peripheral skin 

temperatures in cattle and sheep using IRT demonstrated a strong correlation with core body 
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temperature.318 Byrne et al. (2017) report a high level of precision of a handheld IRT camera for 

surface temperature measurement when the average of three replicate images were obtained for a 

specific anatomical location (e.g. the eye, udder, or hooves).319 Further, maximum temperature of 

the eye and the udder had the lowest error variance.319  Experimental IRT measurements of 

various anatomical locations of subject animals have been reported. Hoffmann et al. (2013) 

report significant differences in IRT measures for different body regions: eye, ear, shoulder, and 

vulva.320 Precision of IRT head and body measures were equal for adult cattle, whereas body 

areas compared to the head were best suited in calves in the study.320 Whole-body IRT mapping 

of Jersey heifers reported by Salles et al. (2016) demonstrated a strong association between 

temperature and humidity index (THI) and head and flank regions.321 Further, head regions had 

the highest correlations with rectal temperature.321 Importantly, skin temperature is affected by 

various internal and external factors. Animal factors include coat color, density of coat, parity, 

stage of lactation, pregnancy status, estrus, and recent strenuous activity, which all can influence 

skin temperature.322 Standardization for site preparation (e.g. cleaning, grooming), acclimation 

time to changes in settings, and distances for image capture have not been established. 

Environmental conditions reported by Church et al. (2014) which impacted IRT eye 

temperatures included wind speed and direct sunlight.323  

 Early work by Hurnick et al. (1985) evaluated 27 Holstein cows using IRT to 

characterize temperature changes associated with estrus.324 Measurement of perineal skin 

temperature was performed once daily for 90 days postpartum.324 Timing of estrus was based on 

serial milk progesterone measurements, with ovulation assumed at 5 days before the first 

sustained increase in progesterone and the day of estrus 1 day prior.324 A rise in perineal IRT 

temperature associated with estrus was defined as an increase of 25% compared to the mean of 
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the preceding 4 days.324 Although IRT measures increased on the day of estrus, the authors felt 

the technique was limited by the level of false positives (33%) and false negatives (7%).324 

Recently, Talukder et al. (2014) evaluated several thresholds of IRT vulvar and muzzle 

temperature change for estrus detection (IRT estrus) compared to human observation and a tail-

head mounting detector.325 IRT measurements were performed twice daily. The maximum vulvar 

and muzzle temperatures were observed at 24 and 72 hours, respectively, before ovulation; 

whereas the lowest temperatures were observed at 48 hours before ovulation for both sites.  

Ovulation occurred 24 to 47 hours after the onset of the IRT estrus alert in 73% of cows, with 

45% occurring within 12 to 23 hours after the end of IRT estrus.325 Overall, IRT had a greater 

sensitivity compared to visual observation (67%) and Estrotect activation (67%), but had a lower 

specificity and positive predictive value.325 Based on different thresholds of temperature change 

(1, 1.25, and 1.5 °C), IRT estrus sensitivity and specificity ranged from 75 – 92% and 29 – 57%, 

respectively.325  The same research group has evaluated measurement of additional anatomical 

sites – eye, ear, muzzle, and vulva for IRT estrus detection in pastured dairy cattle. Irrespective 

of anatomic site for IRT measurement, the accuracy of estrus detection was poor compared to 

other activity monitors (accelerometers and rumination activity) and visual observation.326    

 In the dairy sector, the use of IRT as a tool in the detection of mastitis is important for 

animal health and welfare. In terms of financial feasibility, the ability to detect clinical and 

subclinical cases of mastitis will be important for future technology development, acceptance, 

and implementation of IRT monitoring under commercial settings. Hovinen et al. (2008) 

evaluated IRT using a model of intramammary LPS-induced mastitis.327 Increases in USST by 1-

1.5⁰C were associated with signs of clinical mastitis and corresponding increase in rectal 

temperature.327 There was a strong correlation between maximum USST and rectal temperature 
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(r = 0.98, P < 0.001).327 Rectal temperatures increased by 4-8 h post-infusion and peaked at 6 h, 

whereas local signs of inflammation within the gland and altered milk appearance were present 

at 2 – 4 h post-infusion.327 Potentially due to the severity of the challenge model, increases in 

USST paralleled rather than preceded changes in rectal temperature, even though local signs of 

inflammation were appreciable by 2 h post-infusion in most cows.327 Pezeshki et al. (2011) 

demonstrated IRT detection of 2-3 ⁰C USST changes in mastitic quarters experimentally infused 

with E.coli.328 However, unlike the changes in temperature related to disease progression 

reported by Hovinen et al.327, the peak in USST (12 h post-infusion) occurred after the 

appearance of clinical signs and peak rectal temperature (9 h post-infusion).328 Using an E. coli 

intramammary infusion model in primiparous Holstein cows, Metzner et al. (2014) compared 

different algorithms for the serial thermographic evaluation of E.coli-induced mastitis.329 

Algorithms were produced using several geometric analysis tools (polygons, rectangles, and 

lines) and descriptive parameters (minimum, maximum, range, mean, and standard deviation). A 

strong correlation between udder surface temperature and rectal temperature was found for both 

hind quarters.329 Under these conditions, an algorithm that used the polygon image and 

maximum temperature was best suited for detection of acute mastitis, detecting a 2.06 ⁰C 

increase in temperature between affected and control quarters.329 Under experimental conditions, 

serial evaluation of maximum USST every 2 h was ideal for the detection of mastitis onset, as 

subsequent edema formation reduced the temperature variation and average USST.330 However, 

frequent IRT imaging (every 2 h) would be impractical under field conditions, where IRT data 

capture would best be suited to coincide with milkings in a parlor or robot.   

 Findings of Colak et al. (2008) on the detection of subclinical mastitis by IRT analyses 

demonstrated a linear relationship between increasing CMT score and USST.331 A strong 
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correlation between quarter temperature and CMT score (r = 0.93, P < 0.0001), but a weak 

correlation between rectal temperature and CMT score (r = 0.27, P < 0.01) were found.331  Polat 

et al. (2010) evaluated the associations between udder skin surface temperature (USST), somatic 

cell counts (SCC), and California Mastitis Test (CMT) for the detection of subclinical mastitis in 

Brown Swiss dairy cows.332 USST was positively correlated with SCC (r = 0.73) and CMT score 

(r = 0.83).332 A linear increase in USST with an increase in CMT score was found. 332 Use of IRT 

for determination of USST allowed differentiation between subclinical mastitis and normal 

udders (based on SCC >400,000 cells/mL), with USST of subclinical mastitic quarters 2.35 ⁰C 

greater than healthy quarters.332 Based on ROC curve analyses, sensitivity and specificity of IRT 

(95.6 and 93.6%, respectively) compared to CMT (88.9 and 98.9%, respectively) were not 

significantly different.332  Using IRT to detect subclinical mastitis on four commercial dairy 

farms, Bortolami et al. (2015) included bacteriological findings in addition to SCC and USST.333 

Similar to experimental results previously, USST and SCC were significantly correlated (P < 

0.05); however, IRT discrimination of bacteriological culture negative and positive cows was not 

possible.333 Thus, IRT analysis of udder skin temperature may be sensitive enough to detect 

subtle temperature changes associated with both clinical and subclinical mastitis. 

Use of thermography as a tool for the identification of animals suffering from BRD is 

growing as an area of interest in the feeder cattle sector, as hand held or mounted IRT cameras 

allow non-invasive assessment of animals in large group settings. Research by Schaefer et al. 

demonstrated the diagnostic potential of remote, real-time IRT assessment of orbital maximum 

temperatures for the early identification of experimental BVDV334, as well as BRD under 

experimental and naturally occurring conditions.335,336 Assessment of IRT of various anatomical 

locations in an experimental BVDV challenge model demonstrated significant IRT changes 
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predictive of disease onset.334 Changes in IRT were detectable up to 7 d earlier compared to 

biological measurements, which included clinical signs and increased concentration of Hp.334 

Changes in IRT temperatures were extremely sensitive, with surface temperature changes <1 ⁰C 

found to be clinically significant.334 Changes in maximal orbital temperatures were the most 

sensitive, observed as early as 1-d post BVDV-inoculation, whereas changes in nose, ear, or 

dorsum skin did not appear until d 5 or 6 post-inoculation.334 In a group of commercially sourced 

beef calves, Schaefer et al. (2007) found IRT changes to be equal or superior for the 

identification of BRD compared to clinical score, core temperature, or hematological changes.336 

BRD-affected calves demonstrated higher peak IRT values compared to negative calves (P < 

0.01).336 Of importance, IRT was able to detect the onset of clinical BRD by 4-6 d compared to 

other detection methods evaluated.336 Improving on the application of IRT, Schaefer et al. (2012) 

devised a mounting bracket and automation of the IRT camera, linked with RFID tags and use of 

a watering station.335 Efficient detection of BRD in a group of calves with a low prevalence of 

disease was demonstrable by IRT maximum orbital temperature changes.335 In contrast, Fraser et 

al. (2014) found poor detection of IRT orbital temperature changes associated with experimental 

Mycoplasma bovis inoculation and the progression of pneumonia.337 However, calves with 

moderate pneumonia (based on necropsy findings >10% lung consolidation) had significantly 

lower nasal planum temperatures compared to calves with mild pneumonia (<10% lung 

consolidation).337    

Detection of lameness by use of IRT is of mutual interest in beef and dairy production. 

IRT is a unique diagnostic modality, as it can be rapid in localization of temperature differences 

in nonspecific lameness as well as performed from a distance in fractious animals, including 

bucking stock.338,339 Expectedly, given weight distribution in cattle, evaluation of claw sole 
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temperatures demonstrates differences between front and hind limbs, as well as between medial 

and lateral claws - warmer temperatures in hind limbs compared to forelimbs, and in front medial 

and hind lateral claws compared to the contralateral claw.340 Oikonomou et al. (2014) found sole 

temperature to increase as locomotion scores increased and digital cushion thickness 

decreased.341 As reported by Wilheim et al. (2015), use of serial IRT assessment for the detection 

of sole hemorrhages associated with subclinical laminitis was not predictive, but rather 

temperature differences reflected only temperature differences associated with weight 

distribution.340 In contrast, others have found IRT changes in skin and coronary band 

temperature capable of distinguishing healthy from abnormal claws.342,343 Increased coronary 

band temperatures were associated with an increased incidence of sole hemorrhages.343 Based on 

pre-trimming and post-trimming coronary band temperatures, lame claws had higher coronary 

band temperatures compared to normal claws (P < 0.05), whereas post-trimming claws 

demonstrated differences in skin, coronary band, and changes in temperature between lame and 

normal claws (P < 0.01).342 Importantly, this may suggest that the cow can serve as its own 

control. With the aim of detecting foot lesions, coronary band temperature threshold values of 

0.64⁰C at 3 d pre-trimming (sensitivity 85.7% and specificity of 55.9%) and 1.09 ⁰C at 3 d post-

trimming (sensitivity 80.8% and specificity of 82.9%) could be utilized.342 Stokes et al. (2012) 

found a foot temperature of ≥27 ⁰C capable of detecting 80% of foot lesions correctly; however, 

differentiation of different foot pathologies based on temperature differences was not 

demonstrable.344 Wood et al.  (2014) were able to identify changes in foot temperature up to 6 

weeks prior to the diagnosis of hoof lesions with an estimated prediction value of 0.623 ⁰C to 

identify affected feet.345 Further, decrease in hoof temperature with resolution of lesions, 6 weeks 

post-treatment were observed.345 Detection of infectious hoof diseases by IRT, such as digital 
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dermatitis is also possible. Alsaaod et al. (2014) found feet affected by digital dermatitis to have 

higher coronary and skin maximum temperatures compared to healthy feet (P < 0.001).346 Skin 

temperatures increased with advancing stages of the disease.346 Using a threshold temperature 

difference between rear and front feet of 0.99 ⁰C afforded a diagnostic sensitivity of 89.1% and a 

specificity of 66.6% for the detection of digital dermatitis.346  

Temperature-based sensors are readily applied noninvasive tools for the objective 

quantification of temperature in cattle. Multiple modalities demonstrate effective measurement 

of surface, subcutaneous, and internal temperatures in cattle. In addition to use of temperature 

monitoring for the detection of estrus, use of these devices in combination may improve the 

detection of febrile responses during an APR and disease, under field conditions. However, 

several obstacles exist for implementation under commercial operations. Ease of application and 

retention need to be improved for thermometry sensors worn on the tail or placed intravaginal. 

Rumen boluses demonstrate excellent retention rates, but continuous temperature data relay is 

limited by the device’s battery life and the need for proximity to a panel or antennae reader. 

Further research under controlled field settings to standardize data acquisition for hand-held and 

mounted IRT units is warranted, as variability in image acquisition lessens accuracy of skin 

temperatures obtained. To the author’s knowledge, large scale commercialization of IRT 

cameras and software for use in commercial beef or dairy production has not been realized to 

date. However, knowledge of the modality in the industry is known, with its description found in 

lay publications.347,348 Ideally, commercial automation of IRT units and use of computer software 

to analyze data will be carried out in the future.  

Feeding and Drinking Behavior Monitoring  
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The sickness behaviors of anorexia and reduced thirst typically occur in conjunction with 

the febrile response. At first glance, this may seem paradoxical, as febrile animals need calories 

to fuel an increased body temperature, need to reduce the demand for muscle proteolysis, and to 

replace protein and other building blocks of tissues as a direct effect of disease. However, these 

sickness behaviors may serve a protective role, as discussed previously. From an objective, 

remote monitoring standpoint, a reduction in the motivation to seek food and water during 

sickness can be utilized by monitoring changes in eating and drinking behaviors. Several 

different modalities exist, including bunk attendance systems and rumination monitors.    

Feed Bunk Attendance Systems  

 Early technologies capable of evaluating individual feed intake include Calan gates 

(American Calan, Northwood, NH)f and Pinpointer system (Universal Identification Systems 

Corp., Cookeville, TN). However, these systems require training of cattle to find and use feed 

stations, which can be time and labor intensive. Newer systems utilize electronic radio frequency 

identification (RFID), enabling the collection of behavioral data from large groups of animals 

with less labor compared to earlier methods and unencumbered feeding behavior in large groups 

of cattle. The GrowSafe System (Airdrie, AB, Canada)g is one such example which has been 

validated349-351, with several other systems marketed for beef and dairy operation use (e.g. 

Lely™  Cosmixh, FDS3 by S.A. Christensen & Co.i, and Nedap electronic feeding stationsj). 

Various RFID-based systems have been used to monitor feeding behavior including those that 

measure bunk attendance from feed alleys 352,353 and attendance from open354 or gated355 feed 

bunks. These systems monitor the frequency and duration of visits to the feed bunk (i.e. feeding 

time), with some systems capable of also quantifying the weight of feed consumed during each 

bunk visit when individual load cells are utilized (i.e. feed intake). Similar watering behavior 
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monitoring systems exist. Several research groups have validated these systems in both beef and 

dairy cattle production settings and have demonstrated a direct relationship of cattle feeding 

behavior with health and performance.351,355,356 Given the importance of feed costs in production, 

use of bunk attendance systems in research and commercial settings have been utilized in the 

evaluation of feed efficiency and the related traits of average daily gain (ADG), dry matter intake 

(DMI), feed conversion ratio, and residual feed intake (RFI) in healthy cattle.357-359 Investigation 

of reduced feeding and watering behaviors as indicators of illness in cattle is not new, as it is 

well known that fever associated with disease reduces feed intake.17 However, use of remote 

technologies with the capabilities of individualized and real-time data acquisition are increasing 

in their application in research and commercial production settings.  

Detection of sickness in feedlot cattle is important to limit the production and health 

impacts of bovine respiratory disease (BRD) and other morbidities in newly received animals. 

Recently shipped and received animals are subject to numerous stresses, including co-mingling, 

transportation, changes in feed, and exposure to various infectious agents. Use of continuous 

monitoring systems and the quantification of eating and drinking behaviors in newly received 

cattle provides sensitive and earlier detection methods, which are complementary to conventional 

methods of disease detection such as pen checking by experienced stockmen. Basarab et al. 

(1996) reported the use of the GrowSafe System to detect morbid feedlot animals 4 d earlier than 

conventional methods, with an accuracy of 81.5% for detecting BRD in recently placed steers.360 

These findings were based on changes in watering behavior under a commercial feedlot setting 

(Acme, AB, Canada), with morbid steers treated for BRD spending 23.7% less time at the 

watering station compared to healthy steers (P < 0.001).360 Feed trials performed by Sowell et al. 

(1999) demonstrated greater number of feeding bouts (P < 0.009) and increased duration of time 
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spent feeding (P < 0.001) in healthy steers compared to moribund steers, with pronounced 

differences during the first 4 d on feed.361 However, differences in drinking behavior were not 

found to be predictive of morbidity.361 Differences in feeding and watering behavior in morbid 

versus healthy cattle are dynamic and can change throughout the feeding period, as demonstrated 

by Buhman et al. (2000). Frequency and duration of drinking were significantly greater 4 to 5 d 

after arrival in sick calves (P < 0.05), whereas the frequency and duration of eating and drinking 

were significantly lower 11 to 27 d after arrival in sick calves (P < 0.05), followed by a 

compensatory increase in the same behaviors between d 28 and 57 on feed.70 Calves with minor 

or no pulmonary lesions at slaughter ate more often and for longer compared to cattle with severe 

pulmonary lesions, during d 11 to 27 after arrival.70 This was in contrast to calves with severe 

pulmonary lesions, which ate significantly more often and for a longer duration later in the 

feeding period (d 28 to 57 days), likely reflecting differences in maintenance requirements or 

feed conversion, as well as rate of feed consumption in severely ill animals.70 Quimby et al. 

(2001) were able to detect morbidity in 90% of sick feedlot cattle approximately 4.5 d earlier (P 

< 0.001) using cumulative presence and absence at the feedbunk compared to conventional 

methods typical of commercial feed yards.352 An overall accuracy, positive predictive value, and 

sensitivity of 87%, 91%, and 90%, respectively, were reported for the identification of BRD 

using changes in feeding behavior compared to subjective assessment of calves by experienced 

feedlot personnel, based on simple linear statistics.352 As reported by Wolfger et al. (2015), an 

increase in the mean intake per feeding, the mean time spent per feeding, the frequency of visits 

to the bunk, and interval between feedings was associated with a decreased hazard for 

developing BRD 7 d before clinical sign were observed (P < 0.001).87 Use of nonlinear data 

mining analysis techniques, such as pattern recognition, clustering, and generation of algorithms, 
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in the evaluation of feeding behavior parameters captured by bunk attendance systems has been 

recently published.362 With such techniques, the original variables obtained by automated 

feeding behavior monitoring system are combined into principal components (uncorrelated linear 

combinations of the original variables, also known as eigenvectors), and therefore differences in 

the original variables between healthy and morbid animals cannot be identified. Rather, based on 

the goal for disease identification, selection of the appropriate algorithm is carried out and 

applied to the data set.362 Moya et al. (2015) developed several algorithms predictive of the 

health status of recently received heifers to a large commercial feedlot. Importantly, following 

the generation of such algorithms, these were subsequently tested on a naïve data set.362 The 

BRD prevalence was 50% within this population of heifers, and 75% of the animals were 

identified as clinically ill within the first 14 d on feed.362 Overall, correct prediction of health 

status was found in 4 out of 5 heifers, with a prediction accuracy of 79.2%, a precision of 100%, 

and a negative predictive value of 70.6%.362 Most models demonstrated a high accuracy in 

predicting health status, and prediction of disease was typically at least 3 d prior to onset of 

clinically detectable signs.362 In a group of 231 seed stock bulls, retrospective generation of 

models to identify changes in feeding behavior parameters predictive of BRD were carried out 

by Jackson et al. (2016).363 Based on 30 of 231 bulls requiring treatment for respiratory disease, 

deflection in DMI was detectable 6.79 d before observation of clinical illness, with a reduction in 

DMI of 39.3% over the course of this period.363 Change in feeding rate was detectable 1.32 d 

before clinical observation.363 Other parameters included bunk visit duration and frequency of 

meals, which significantly changed 7.24 and 7.58 d prior to clinical detection, respectively, and 

preceded the reductions in DMI breakpoints by 0.45 and 0.79 d, respectively.363 Accuracy of the 

non-feeding interval parameter was poorly predictive of disease onset.363 In the remaining 201 
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bulls, which were metaphylactically treated with antibiotics at 38 DOF due to severe decrease in 

DMI in the group, parameters predictive of this change in feeding behavior included DMI, 

feeding rate, and bunk visit frequency.363 In contrast to the ill cohort, feeding rate was one of the 

earliest traits detected, at 8.2 d before metaphylactic treatment.363 Whereas change in bunk visit 

duration was not found prior to metaphylactic treatment, this parameter was identified in the ill 

cohort.363  

Similar to feedlot cattle, utilization of feed behavior variables generated by bunk 

attendance systems allows for the identification of infectious and non-infectious diseases in dairy 

cattle and milk-fed calves. A negative impact on dry matter intake (DMI) has been demonstrated 

in association with reproductive issues (e.g., difficult calvings, retained placenta, and metritis), 

metabolic disorders (ketosis and milk fever), gastrointestinal disease (enteritis, displaced 

abomasum, and subacute ruminal acidosis), mastitis, and lameness. Furthermore, comparable to 

the detection of BRD in feedlot cattle, evaluation of feeding parameters in housed dairy cattle 

has been found to also be predictive of the onset of disease, leading to a more timely 

identification of cows at risk of post-partum disease, before observation of clinical signs.  

Huzzey et al (2007) found prepartum feeding behaviors to be predictive of the onset of 

mild and severe metritis postpartum.364 Cows that developed severe metritis spent less time 

feeding and consumed less feed compared to healthy cohorts, beginning 2 weeks before the 

observation of clinical signs of infection (P < 0.05).364 For every 10-minute decrease in average 

daily feeding time during the week prior to calving, the odds of severe metritis increased by a 

factor of 1.72.364 Furthermore, for every 1 kg decrease in DMI during the same period, cows 

were nearly three times more likely to be diagnosed with severe metritis.364 Unlike the changes 

observed in feeding behavior, reduced water intake and time spent drinking were not as useful as 
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reduced DMI for prediction of metritis post-calving.364 These findings are in agreement with the 

prior work of Urton et al. (2005), in which cows suffering from metritis spent, on average, 22 

minutes less per day at the feed alley during the transition period compared to healthy cows.353  

In a study by Gonzalez et al. (2008), cows diagnosed with clinical ketosis were found to 

have decreased DMI 3 d prior to the development of clinical signs, with a corresponding 

decrease in daily feeding time of 45 min per day.365 Other disease states evaluated included 

mastitis, and acute and chronic lameness. In contrast to ketosis, acute locomotion disorders 

resulted in a small decrease in daily DMI before clinical diagnosis.365 However, potential 

identification of acutely lame cows might include analysis of feeding rates, which were increased 

2 to 3 fold from individual cow baseline.365 Chronic locomotion disorders produced gradual 

changes in feeding behaviors, but cumulatively were similar to changes in feeding behaviors 

observed in acutely lame cows.365 The use of feeding behavior alone may not be a suitable 

detection indicator for mastitis because not all types of mastitis identified in the Gonzalez et al. 

study lead to a significant reduction in feed intake. Feeding behavior should be used in 

conjunction with other detection modalities, such as milk yield and electrical conductivity.365 

Goldhawk et al. (2009) found DMI was reduced the week prior to calving in cows subsequently 

diagnosed with subclinical ketosis the first week post-partum.366 Cows diagnosed as suffering 

from postpartum illness spent less time at the feed bunk, visited the feeder less often, and had 

decreased DMI in the week prior to calving366, similar to Huzzey et al. (2007).364 For every 10-

minute decrease in average daily time spent at the feeder during the week prior to calving, the 

risk of subclinical ketosis increased by a factor of 1.9.366 During the same week, a 1 kg decrease 

in average daily DMI increased the risk of subclinical ketosis by 2.2.366 Although not significant 



54 
 

(P = 0.07) cows which developed subclinical ketosis also had reduced water intake during the 2 

weeks prepartum.366   

There is growing interest in the use of group housing in preweaned dairy calves.367 Group 

housing of preweaned calves poses special problems because it may be difficult to ensure 

appropriate milk intake by all individual calves. The need for monitoring individual milk intake 

has led to an increase in the use of automatic milk feeders. Automatic milk feeders typically 

offer calves a daily-allotted ration in 0.5 to 2 L portions over several meals in a 24h period. 

Important factors with the use of automatic feeders including number of calves per feeder, milk 

allowance, and milk flow rate; these factors will affect competition amongst calves, the number 

of unrewarded visits to the feeder, and cross suckling behaviors.368-370 As with bunk attendance 

systems in older cattle, use of data generated from automatic milk feeders has demonstrated the 

ability to identify illness in preweaned calves based on milk feeding behavior.371-373 

Commercially available automatic milk feeders offer alarm lists based on milk consumption, and 

some offer alarm functions based on drinking rate. However, the parameters provided by 

automated milk feeders best able to detect illness in calves varies between studies. When milk-

feeding behaviors are used for the detection of disease, the amount of daily milk allowance is 

especially important. Maatje et al. (1993) evaluated milk intake, growth, and detection of illness 

in veal calves raised in group housing with automated milk feeding, compared to bucket fed, 

individual housing conditions. Pertinent to the detection of morbidity in veal calves fed large 

amounts of milk, drinking rate followed by total milk consumption were found to be the most 

sensitive indicators of disease status.371 Frequency of unrewarded visits was not associated with 

disease status in veal calves fed high milk levels.371 The majority of calves eventually treated for 

illness demonstrated reduced feeding behaviors within 7 d before clinical signs were detected, 
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with only 17.5% of treated morbid calves showing no changes in feeding behaviors.371 

Addressing the effect of milk allowance on disease identification, Borderas et al. (2009) found 

that sick calves fed high allowances of milk (8 L per day) decreased their milk intake and 

frequency of visits to the milk feeder, and increased the duration of each visit to the feeder 

compared to healthy calves at the same milk allowance (P < 0.05).373 Sick calves fed a low milk 

allowance (4 L per day) had no difference in milk intake or frequency of visits to the feeder (P = 

0.6 and 0.2, respectively) compared to healthy calves at the same milk allowance.373 But, a 

reduced duration of visits to the milk feeder on the day of illness was detected and on the 

following 3 days (P < 0.01), compared to healthy calves at the same milk allowance.373 In 

contrast, Svensson et al. (2007) found only the frequency of unrewarded visits to the milk feeder 

useful for the identification of morbid calves, whereas none of the other parameters were 

significantly associated with disease.372 In that particular study, calves were on a restrictive milk 

allowance (6 L per day), and a lower level of unrewarded visits were observed in sick calves.372 

The ability to predict the occurrence of disease prior to its onset in preweaned, housed dairy 

calves based on milk feeding behaviors is varied in the literature. Changes in milk feeding 

behavior which preceded the detection of clinical signs has been demonstrated in some 

studies371,372, but not all.373 Feed intake parameters in group-housed dairy calves are subject to 

multiple variables, as well as differences between disease severity among studies, which likely 

accounts for some of the disparity.  

From a health and welfare standpoint, the use of bunk attendance systems and automatic 

milk feeders in weaned cattle and calves, respectively, have demonstrated effectiveness in the 

detection of morbidity associated with several diseases of cattle, under commercial conditions in 

the dairy and beef sectors. Further research is needed to refine feeding parameters measured and 
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analyzed, which may improve the efficiency and accuracy of disease detection, earlier in its 

onset, as well as improving the ability of eating and drinking behaviors to predict cattle at risk 

for becoming ill. Future research will also have to demonstrate strong economic justification for 

the costly implementation of such bunk and water attendance systems on commercial operations.     

Rumination Activity Monitoring 

Pressure-based Rumination Sensors   

 Non-invasive, wearable sensors for the quantification of mastication and deglutition 

behaviors are described in humans and in veterinary species, including rumination patterns in 

livestock.  Monitoring of rumination activity serves as a measure of rumen health and well-

being, with demonstrable relationship between rumination and feeding and lying behaviors.374 

Both strain and pressure-based gauges have been utilized to capture jaw movements of chewing 

and motion of the larynx with swallowing. Acoustic methods can detect sounds characteristic of 

chewing, swallowing, and regurgitation. In livestock, the early work of Law and Sudweeks 

(1975) describes monitoring of rumination in cattle by a simple, halter-mounted system for the 

capture of jaw movements (pneumatic, pressure-based data), transformed into an electronic 

signal and converted to chewing rate.375 Beauchemin et al. (1989), describe the use of halter-

imbedded transducers (two strain gauges bonded to a strip of spring steel, formed into a concave 

shape), which relay signals corresponding to jaw movements.376 An algorithm was developed to 

process the digital signal into discrete chewing periods, including differentiation between eating 

and rumination.377 Complex spectral analysis, as introduced by Brillinger (1973), was used to 

decompose the complex patterns into their component cycles; these cyclical, complex patterns 

overlay a circadian rhythm in the rumination patterns of four tie-stall housed Holstein cows.377 

Early use of these indirect methods of monitoring rumination, based on jaw-motion detection are 
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effective in quantification of rumination patterns, however, the animal is required to wear a 

halter, and the devices were relatively cumbersome in their application and use (e.g. wires and 

tubing associated with signal transduction, limited to tie-stalled animals), and were limited in 

their storage capacity.  

More recently, evaluation of a pressure-sensitive sensor mounted on the noseband of a 

halter (MSR-ART; Agroscope Reckenholz-Tanikon ART, Ettenhausen, Switzerland)k, has been 

evaluated. In Braun et al. (2013), 10 tie-stalled Brown-Swiss cows were evaluated for rumination 

activity using the noseband sensor compared to visual observation, over a 24 hour period.378 

Eating and rumination were easily distinguishable based on pressure profiles generated.378 Strong 

correlations between the two recording methods were found for eating, ruminating, and resting 

times, as well as the number and duration of eating, ruminating, and resting phases.378 

Agreement between the pressure sensor data and direct observation was approximately 98.8%.378 

In continuance, Braun et al. (2014) evaluated the noseband pressure sensor over 10 d in the 

group of animals. Calculation of the coefficients of variation (CV) ranged from 5.9 to 12.7%, 

with rumination CV (chewing cycles per bolus; daily number of cuds; rumination time) being 

smaller compared to eating (eating time; chewing cycles related to eating).379 On a larger scale, 

the same group established reference values for the rumination sensor for three dairy breeds (i.e. 

Brown Swiss, Holstein-Friesian, and Swiss Fleckvieh), typical of Swiss dairy production.380 Pahl 

et al. (2016) report the suitability of the noseband sensors as an estimated measure of feed 

intake.381 Using a bunk attendance system to quantify feeding time and consumption, the level of 

accordance between the two systems ranged from 89.6% to 94.1%.381 Feeding time (bunk-based 

data) was more accurate, with a correlation of 0.891 between feeding time and DMI, compared 
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to chewing time, with a correlation of 0.780; however chewing time per bout was still found to 

be a suitable measure of feed intake.381  

Use of optic fiber Bragg grating (FBG) sensors for evaluation of mastication and 

swallowing disorders has been described in human medicine. To date, this is very limited in its 

application to cattle. Pegorini et al. (2015) report the use of FBG sensors for the classification 

and quantification of eating patterns in cattle.382 Present application of these sensors requires 

surgical implantation, which will limit the device in large field trials.   

Acoustic-based Rumination Sensors   

Whereas the devices described above utilized pressure-based signals associated with jaw 

muscle movements, another type of quantifiable signal is sounds associated with regurgitation, 

mastication, and swallowing for measurement of rumination activity. For example, the Hi-Tag 

rumination monitoring system (SCR Engineers Ltd., Netanya, Israel)l consists of a rumination 

logger (microphone) worn as a collar on the left side of the neck, a stationary or mobile reader, 

and software for processing the electronic data. Sounds unique to regurgitation and rumination, 

respectively, are recorded, processed, and digitally stored. Two-hour blocks of data are 

summarized, with a storage capacity of the device limited to 22 h. Rumination time is presented 

as either minutes per 2 h block or minutes per day. Data are downloaded via readers, which can 

be hand-held or strategically positioned within the barn (e.g. water trough) or milking parlor. 

This system is integrated in commercial activity tags (e.g. Hi-Tag which are called HR-Tag, SCR 

Engineering Ltd.l or the Qwes-HR Tag as part of Lely’s Astronaut A4 milking robot systemm).  

Based on concurrent visual observation as the reference standard, acoustic rumination 

activity monitors have been validated under various production settings and in different classes 
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of cattle. As reported by Schirmann et al. (2009) in individually penned and small group-housed 

dairy cattle, strong correlations (r = 0.93, P < 0.05) were found between the HR-Tag sensor data 

and human observation.383 Ambriz-Vilchis et al. (2015) also report good agreement under housed 

conditions; however, rumination collars performed poorly in grazing dairy cattle.384 Burfeind et 

al. (2011) report evaluation of the Hi-Tag system in young calves (46 ± 14 days) and heifers (208 

± 78 d).385 A moderate correlation between sensor and human observation of rumination activity 

was found for animals greater than 9 months of age (r = 0.88); but, a great variation in the 

agreement was found for calves less than 9 months of age (r = 0.47 to 0.89).385 Evaluation in 

beef cattle, by Goldhawk et al. (2013), found rumination activity only moderately correlated with 

visual observation (r = 0.41, P < 0.001), with the Hi-Tag systeml generally underestimating 

rumination and suggesting the system to be relatively inaccurate for beef cattle on finishing 

diets.386 Elischer et al. (2013) evaluated activity monitors incorporated into automatic milking 

systems (AMS) under pasture-based conditions.387 Cow behavioral activities were quantified 

using the Lely transponder collar, which houses both an activity monitor (i.e. accelerometer) as 

well as a rumination monitor (Qwes-HR Tag, Lely)m. Additionally, cows wore a pedometer 

(IceQube, IceRobotics, Edinburgh, UK)n. The activity monitor worn about the neck was inferior 

in accuracy to the behavioral descriptions produced by the pedometer, especially in capturing 

postural behaviors such as lying.387 The correlation between rumination sensor activity and 

human observation was significant (r = 0.65, P < 0.05), but the authors felt it to be unacceptable 

and likely due to malfunction or misplacement of the collar-worn sensor.387  

In free-stall housed dairy cattle, Borchers et al. (2016) evaluated several commercially 

available activity monitors, including the rumination monitors of Smartbow (Smartbow GmbH, 

Jutogasse, Austria)o and CowManager SensOor (Agis, Harmelen, Netherlands)p, compared to 
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human observation.388 Visually recorded rumination behaviors were strongly correlated with the 

Smartbow (r = 0.97, P < 0.01), but weakly correlated with the CowManager SensOor (r = 0.69, P 

< 0.01).388 Importantly, the two ear-tag sensors evaluated use accelerometer-based data for the 

quantification of rumination activity, as opposed to jaw movements or eructation sounds. Results 

of Borchers et al. (2016) demonstrate that some accelerometer-based sensors for the 

quantification of rumination activity may underperform compared to other modalities.388 This is 

in contrast to the pilot study by Bikker et al. (2014), which also evaluated the CowManager 

SensOor in dairy cattle, housed in free-stalls.389 Correlation between human observation and 

sensor data for rumination activity was strong (r = 0.93, P < 0.01).389  

Factors that affect rumination time include cow-specific, dietary, husbandry, and 

environmental conditions. Primiparous cows demonstrate shorter daily rumination times 

compared to multiparous cows, likely due to reduced total daily feed intake in younger cows, 

although frequency of meals and duration of feeding per day tend to be greater.390 Changes in 

environment and social hierarchy, such as the introduction of newly freshened primiparous cow 

to the lactating string, have an impact on rumination time. Schirmann et al. (2011) observed a 

reduction in rumination time after regrouping, especially pronounced in heifers.391 A number of 

nutrition-based studies evaluating the impact of NDF, fiber length, DMI, and other measures on 

rumen health are reported, with several specifically evaluating rumination activity.392 Byskov et 

al. (2015) assessed the impact of large variations in dietary contents on rumination time in free-

stall housed dairy cows (acoustic neck collar; RMS RuminAct-Milkline, Gariga di Podenzano, 

Italy)q, taking into account parity, stage of lactation, and level of milk production.393 Rumination 

time was positively related to intake of forage NDF and starch, whereas intake of sugar and 

remaining fraction were negatively related to daily rumination time.393 Rumination time, in 
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minutes per kilogram of DMI, was negatively related to milk yield and protein percentage, and 

positively related to milk fat percentage.393 Approximately 32% of the variation in daily 

rumination time was explained by variations in intakes of the dietary fractions, whereas the 

remaining 48% was due to individual variations between cows.393 Although rumination time was 

indicative of forage to concentrate ratio at the group level, caution is warranted for the use of 

rumination time in predicting individual cow feed intake. However, rumination times collected 

serially over extended duration may be useful for monitoring the relative feed intake in 

individual cows.393 In contrast, work by Stone et al. (2017), found positive correlations between 

rumination time and milk yield, purportedly due to greater-yielding cows needing to eat more 

and subsequently ruminate more often.394  

Use of rumination monitors for the detection of estrus behavior in cattle is commonplace 

on dairy operations utilizing precision farming activity monitors. A study by Pahl et al. (2015) 

describes feeding characteristics and rumination time changes useful for the early detection of 

estrus in free-stalled dairy cattle.390 Significant reduction in rumination time was detected on d -1 

(P = 0.037) and d 0 (P = 0.044), with day of insemination assigned d 0.390 Reductions in 

rumination time were approximately 75 min compared to baseline, in both primiparous and 

multiparous cattle.390 Rumination time nadirs were on d -1 and d 0 for multiparous and 

primiparous cows, respectively, and returned to baseline by d 1.390 These findings are similar to 

those of Reith and Hoy (2012), wherein rumination time was significantly reduced in cows 

during estrus (classification based on visual observation of estrus behaviors).395 Minimum 

rumination times were observed on the day of estrus in both primiparous and multiparous 

cows.395 The average decrease in rumination time was 17%, with greater percentage decreases 

observed in primiparous cows compared to multiparous cows.395  
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Like changes in feeding time and locomotion activity, changes in rumination activity may 

also be predictive of calving onset. A study by Soriani et al. (2012) reports changes in rumination 

time on the day of calving, but did not report changes relative to the time of calving.396 More 

recently, others have evaluated changes in rumination activity with reference to an established 

calving time. Schirmann et al. (2013) found cows spent, on average, 63 ± 30 min/24 h less time 

ruminating during the 24-hour period before calving compared to baseline.397 Using 2-h blocks 

of data collection, changes in rumination activity started to decline approximately 4 h before 

calving and started to increase towards baseline by 6 h post-partum.397 In Clark et al. (2015), 

decreases in rumination time averaged 15% from d -2 to -1, with a further decrease of 18% from 

d -1 to the day of calving; thus, representing a reduction of 33% in rumination time within 2 d of 

parturition.398 Using a threshold value of 0.9 (a decline in rumination by 10%), 70% sensitivity 

and specificity were observed for prediction of calving within 24 h.398 Buchel et al. (2014) report 

significant reductions in rumination time 6 h prior to onset of parturition, with an average 

decrease in rumination time of 27%.399 Similarly, Pahl et al. (2014) observed several decreases in 

rumination activity within 24 h of calving.400 Reduction in the number of jaw movements during 

rumination bouts and the number of cuds masticated per day were decreased in the 24 h prior to 

parturition compared to baseline.400 However, significant reductions in rumination time were 

observed only in the last 4 h prepartum and in the first 8 h postpartum.400 Although a trend for a 

longer hiatus between the final rumination bout and calving compared to preceding rumination 

bouts was found (P = 0.059), the duration of time between cessation of rumination and calving 

was highly variable between cows, ranging from 17 to 220 minutes.400  

The literature supports the use of rumination time for the early detection of cows at risk 

or currently experiencing illness during the puerperium. In Soriani et al. (2012), changes in 
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rumination time were both predictive of calving as well as the presence of subclinical disease or 

health disorders post-partum.396 Cows demonstrating decreased rumination time during the first 

10 d post-calving had a greater incidence of mastitis, lameness, ketosis, and displaced abomasum 

during the first 30 d of lactation.396 In addition, decreases in rumination time in moribund cattle 

corresponded to a marked acute phase response compared to mild inflammatory changes 

associated with the puerperium in healthy cows.396  As a marker of animal welfare, Soriani et al. 

suggest post-partum cows within the first 10 d of lactation should demonstrate rumination times 

of >550 min/d.396 Likewise, Calamari et al. (2014) describe the associations between rumination 

time, severity of inflammation and the presence of post-partum disease.401 Cows showing high 

rumination times pre-calving rapidly returned to high rumination times between 3 and 6 d after 

calving, whereas cows with low rumination times pre-calving were slower to return by 15 d in 

milk.401 Interestingly, > 90% of the cows in the low rumination time group were diagnosed with 

a post-partum disease, with only 42% of high rumination time cows experienced post-partum 

disorders.401 Greater increases in APP and other markers of metabolic disease (e.g. NEFA) were 

observed in the low rumination time cows, reaching significance between low and high groups 

by d 10 of lactation.401 However, the relationship between markers of the APR and rumination 

time was poor beyond 10 d post-calving.401 Additionally, inclusion of an absolute rumination 

time threshold (>550 min/day) to indicate health status was not valid in this study.401 As 

expected, absolute rumination time would be a poor predictor, rather than trends and percentage 

changes from baseline, given different seasonal, environment, and dietary conditions are found 

between dairy operations and across studies. In Kaufman et al. (2016), associations between 

rumination time and subclinical ketosis (and other disorders) were demonstrable in multiparous 

dairy cows.402 Cows with hyperketonemia (BHB > 1.2 mmol/L) and cows with hyperketonemia 
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and concurrent diseases (e.g. retained placenta) had decreased rumination by 25 ± 12.8 min/day 

and 44 ± 15.6 min/day, respectively, compared to healthy cows.402 Differences in rumination 

time were appreciable between health groups during the 7 d preceding and 14 d following 

calving.402 A large field trial by Stangaferro et al. (2016), reports the use of a composite health 

index score (HIS), which combines rumination time and activity indices, for the detection of 

cows with metabolic and digestive disorders, as well as mastitis and metritis.403-405 Proprietary 

algorithms (SCR Engineers Ltd., Netanya, Israel)l generated a HIS of 0 to 100 with arbitrary 

units, with a score of less than 86 indicative of a health disorder. Farm personnel, blinded to HIS 

results, performed daily clinical assessments of cows from 1 to 10 DIM, which included physical 

examination, rectal temperature, and urine ketone assessment. Additionally, pre- and post-

calving serum biochemical analyses were performed. Except for indigestion, the sensitivity of 

HIS to detect cows with ketosis, metabolic disorders, and displaced abomasum was greater than 

90%, and cows were identified on average 3 d earlier based on HIS compared to clinical 

detection by farm personnel (P < 0.01).403 The sensitivity of HIS was 58% for all cases of 

clinical mastitis, and 55% and 89% for cases of mastitis alone or concurrent with other health 

disorders, respectively.404 Of clinical mastitis cases caused by E. coli, the HIS had a sensitivity of 

80.7%.404 Similarly, the HIS sensitivity for the detection of metritis was 55%, 53% for metritis 

alone, and 78% metritis concurrent with other disorders.405 Overall, the HIS had a very high 

negative predictive value of 98%, indicating it was effective in identifying cows with severe 

cases of metritis, but was less effective for the identification of mild cases.405  

Similarly, Steensels et al. (2016) report modeling capabilities of data captured by the HR-

Tag® monitoring system (SCR Engineers Ltd.l) for the detection of post-partum diseases in 

commercial dairy cattle.406 Three-hundred healthy and 403 sick cows were included, with the 
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classification of four disease categories: healthy, ketosis, metritis, and lameness. Rumination 

time in cows with ketosis and/or metritis was lower during the period from 5 d before until 2 d 

after diagnosis and treatment compared to rumination activity of healthy cows, with the greatest 

difference in rumination time observed 3 d prior to clinical detection (7.5 ± 0.5min/2h, P < 

0.001).406 Furthermore, differences in accelerometer-based activity and milk yield were observed 

from 5 d prior to disease detection, with the greatest differences in these modalities observed 1 d 

prior to clinical detection.406 Steensels et al. (2017) also evaluated the HR-Tag® monitoring 

system (SCR Engineers Ltd.l) for the detection of ketosis using logistic (binary) regression 

modeling.407 Performance of the described model detected ketosis 1 d before detection on routine 

health examination, with an average accuracy of 76%.407 When the model was calibrated based 

on data from the same farm, sensitivity could reach 90%; however, dependent on the data set, the 

model’s sensitivity and specificity ranged from 0.78 to 0.90 and 0.71 to 0.74, respectively.407  

Utilizing rumen bolus technology, Nogami et al. (2017) have recently described the 

development of a rumen bolus accelerometer and thermistor prototype, the former attribute 

designed to detect changes in rumen motility and alert to the presence of rumen atony.408 The 

prototype demonstrated promise in distinguishing between normal rumen motility and atony 

(pharmacologically induced). However, the pilot study was performed using one animal, and 

activity was limited by tie-stall housing.408 Further evaluation in a larger group of cattle, under 

loose housing, is required to determine the ability to detect and distinguish based on algorithm 

generation, rumen acceleration data from locomotor activity data.  

Acoustic-based rumination monitors offer several strengths, including the ease of 

application and retention of devices worn on a neck collar when compared to necessity of 

wearing a pressure-based sensor on a halter. The later would be severely limited in its application 
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on most large dairies, and undoubtedly on most commercial beef operations. Furthermore, 

inclusion of other activity monitors, most often an accelerometer-based sensor, affords the 

collection of several types of data concurrently, typically implemented on farm as a tool in 

reproductive management and estrus detection. Both pressure and acoustic based sensors provide 

complementary data to bunk attendance systems. The latter are more suitable for generating 

parameters of DMI and feeding period, with rumination activity providing different parameters 

equally reflective of rumen activity and overall health. Similar to the bunk attendance systems, 

use of rumination activity monitors has proven useful for the detection and prediction of disease 

in cattle. Areas of further research include the refinement of these technologies for use in 

younger classes of cattle. Solutions for the feasible implementation of these devices under 

extensive pasture conditions as well as in the feedlot are also needed.      

Monitoring Posture and Locomotion Behavior  

Accelerometers  

 Characterization of locomotor and postural activities, such as walking, standing, and 

lying, are described for several domestic species, including beef and dairy cattle. A large body of 

research has been performed in dairy cows evaluating pedometers and accelerometers primarily 

for the purpose of estrus detection. More recently, algorithms for activity-monitor data analyses 

for the detection of other physiological and pathological states, including sickness behavior in 

cattle, have been developed. Application of accelerometers was the remote monitoring 

technology used herein, in both experimental subclinical disease models as well as in healthy 

animals during the peripartum and neonatal periods. In brief, accelerometers are small, non-

invasive devices used to for objective monitoring of static postural and dynamic locomotion 

behaviors.409 Accelerometers capture triaxial measures of acceleration of either the distal limb or 
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head and neck, dependent on location of device and algorithm used for data analysis. This allows 

quantification of time spent standing, lying, and walking, as well as frequency of lying bouts and 

steps. The device does not measure acceleration continuously but rather takes point measures of 

acceleration at a predetermined rate (i.e. sampling rate or epoch).409 Typically, devices are worn 

on a neck collar or as a leg-band on the distal metatarsus.l,m,n More recently developed devices 

include ear-tag based accelerometers (e.g. SensOor, CowManager®, Utrecht, Netherlands)r.410 

Commercially available activity monitors often contained multiple sensors for capture of 

different data modalities. Other methods of determining activity include the use of a triangulation 

positioning system, whereby changes in the sensor’s coordinates, within a defined area, are used 

to measure distance traveled, as well as apparent proximity to locations (e.g. feed bunk, water 

trough, or shelter).411,412 Devices used for tracking wildlife or domestic livestock include devices 

incorporating global positioning systems, accelerometers, and magnetometer capabilities.413 

Validation of accelerometer-based data for characterization of behavioral activity indices in dairy 

and beef cattle, under various management conditions, has demonstrated a high level of 

agreement and accuracy to human observation and video surveillance data.388,409,414-416 However, 

differences in sensitivity and specificity for the behavior indices exist between different brands 

of activity monitors. 387,388,417 In general, accelerometers tend to be more accurate for static 

behaviors compared to dynamic behaviors, although this is highly dependent on sampling 

frequency.418 Depending on the specific behavior evaluated, unacceptably high error rates can 

occur. This is not necessarily due to the device or data, but rather the inherent complexity of 

classifying composite behaviors. Ungar et al. (2017) report a 22% classification error between 

grazing and non-grazing, as differentiation between upright resting and grazing was difficult.419 

Use of ear-tag activity sensors shows acceptable accuracy for resting behaviors and rumination 
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monitoring, whereas agreement for activity was only moderate.389 An important aspect to 

consider is the use of activity monitors in classes of livestock different from those validated, such 

as young calves compared to adult dairy cows. As reported by Trenel et al. (2009), 

accelerometers were accurate for lying and standing behavior in calves, whereas walking 

behavior was inaccurately overestimated based on a sampling rate of 8 readings per second.420 In 

contrast, de Passille et al. (2010) used a high sampling frequency (33 readings / second) for 

accurate step count and differentiation of gait pattern in young calves.421 Bonk et al. (2013) 

found strong correlation for lying time and bout frequency with observation in calves if a 

sampling time of ≤ 60-sec was used.422 Similarly, strong correlations (r = 0.99) between 

accelerometer-based data and video recordings for step activity, lying bouts, and lying time are 

reported by Swartz et al. (2016) in young calves.423   

 Given the importance of reproductive management, initial implementation of activity 

monitoring principally focused on the use of behavioral data for the detection of estrus on 

commercial cattle operations. Redden et al. (1992) report pedometer-based activity monitoring 

for the detection of estrus in 25 tie-stalled dairy cows.284 Step counts were retrieved twice daily 

at milking. Data underwent a two-step process for determination of a positive threshold, whereby 

an increase in activity >50%, based on a minimum of 5 d baseline and activity increase not 

occurring within 15 days of last spike.284 Mean total daily activity was increased 2.3-fold at 

estrus (P < 0.0001), with the majority of increased activity observed during daytime turnout from 

tie-stall confinement.284  Activity monitoring resulted in an 80% estrus detection rate, with four 

false positives (16%). This was similar to estrus detection rate based on change in vaginal 

temperature in the same study, and both remote monitoring methods were superior to casual 

observation (54% detection rate).284  
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 Commercial activity monitoring systems require dedicated software as part of farm-

management systems, with algorithms for detection of estrus (or other health events) generally 

proprietary property of the manufacturer. Lovendahl and Chagunda (2010) developed an 

algorithm for the detection of estrus using the neckband activity tags from DeLaval (Alpro, 

version 6.60, Kansas City, MO)s.424 Therein, hourly-obtained activity data established an 

individualized hour-by-hour reference value; a relative increase from baseline, defined as three 

consecutive readings exceeding baseline, defined the initiation of a high-activity episode; and, 

episode strength, duration, and regularity were determined.424 The optimization of thresholds 

provided an estrus detection rate of 74.6% and 1.3% daily error rate.424 Cow-factors significantly 

affecting activity measures during estrus included breed, age, and parity.424 During estrus, 

strength of activity was higher and more regular compared to the activity before and after the 

episode (P < 0.001).424   

  Similar, Aungier et al. (2012) evaluated activity monitor based estrus detection with 

concurrent sampling of systemic hormones.425 SCR Heat-Tag (Heatime; SCR Engineers Ltd.)l is 

an activity monitor used in pastured dairy cattle. 2-h blocks of activity indices were used, with 

average of an 8 h data set (as downloaded at each milking) compared to a 7-d baseline. The 

Heatime system identifies an animal in a preovulatory follicular phase if the current average 

activity level was equal to or greater than 5 standard deviations above baseline. Based on 

manufacturer settings for cluster thresholds, Heatime successfully detected 72% of preovulatory 

follicular phases, missed 28% of preovulatory follicular phases, and incorrectly identified 32% of 

activity clusters that occurred during high-progesterone phases.425 Preovulatory follicular phase 

activity clusters associated with subsequent postpartum ovulations had higher mean peak activity 

levels and mean durations compared to those occurring with the first post-partum ovulation.425 



70 
 

Clusters associated with high progesterone levels, thus representing false positives, had lower 

mean peak activity levels and durations than those activity clusters detected in periods of low 

progesterone and associated with the preovulatory follicular phases (true positives).425 

Furthermore, differences in peak activity and duration patterns were significantly different for all 

4 endocrine states evaluated.425 Activity clusters of borderline intensity and short duration, 

representing luteal states, were similar to those described by Lovendahl and Chagunda. Peak 

activity level was strongly correlated with duration (r = 0.86, P < 0.0001).425 Based on ROC 

analysis, peak activity intensity of 13 standard deviations demonstrated a 79% sensitivity and 

93.3% specificity for the detection of a preovulatory follicular phase (with only 6.7% of luteal 

phase falsely identified as preovulatory follicular phases).425 The authors suggest that the 

Heatime system should use a 6 to 8 h duration threshold and maintain the borderline peak 

activity threshold to retain the largest number of preovulatory follicular phases possible.425  

 Based on a convenience sample of three free-stall commercial dairy herds in Ontario, 

Canada, Neves et al. (2012) evaluated the herd management systems based on remote modalities 

of activity monitors and mounting activity devices compared to timed artificial insemination 

(TAI) programs, using reproductive performance parameters.426 Overall, herd pregnancy rate and 

cow-level time to pregnancy did not differ between TAI and activity monitoring management 

programs. However, an interaction between herd and treatment was observed, with 2 of the 3 

herds demonstrating improved reproductive indices in that activity-monitored cows became 

pregnant sooner compared to TAI and the median time to first service shorter in activity cows 

compared to those enrolled in TAI programs.426 The effect of treatment group on conception risk 

did not depend on herd.426 Importantly, an increase in insemination rates based on false activity 
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data nor a reduction in conception rate with improper insemination timing were not observed in 

the herds using remote technologies.426   

 There are few reports evaluating the head-to-head comparison of multiple activity 

monitors concurrently on the same animal. Chanvallon et al. (2014) evaluated three automated 

devices: the AfiTag PM (leg pedometer; Afimilk®, Kibbutz Afikim, Israel)t, Heatime-RuminAct 

(SCR Engineers Ltd.)l and HeatPhone (AM2; Medria, France) accelerometers worn on same 

neck collar. Classification (correct / incorrect) identification of estrus was based on milk 

progesterone concentrations. Pedometer monitoring had a sensitivity and positive predictive 

value of 71%, whereas lower sensitivity of approximately 60% were observed for both 

accelerometers, with positive predictive values ranging between 84 – 87%.427 Also using 

multiple automated devices, Dolecheck et al. (2015) described the changes exhibited by cows 

during estrus. Secondly, machine-learning techniques using the automatically collected data were 

evaluated. Machine learning accuracy for all technologies ranged from 91 to 100% (compared to 

66% for visual observation), and thus machine learning techniques could hold potential for estrus 

detection if applied to automatically collected technology data.428 Although most remote 

monitors perform better than visual appraisal, this is not always the case. For example, Talukder 

et al. (2015) evaluated several remote technologies (IRT, rumination and activity data) for estrus 

detection in pastured dairy cows.326 Based on the default thresholds set by the manufacturer, 

SCR HR LD tags (SCR Engineers Ltd.)l demonstrated a 78% Se, 57% Sp, and 70% PPV for the 

detection of estrus.326 ROC analysis of combination of rumination and activity measures 

improved values to 82, 54, and 75%, respectively. However, these systems did not outperform 

visual assessment for estrus behaviors (75, 100, and 100%, respectively).326  
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Given the importance of sound animal husbandry and welfare, recent research has 

focused on the use of activity monitor data in housed dairy cattle to define the impact of cow- 

and herd-level factors, including routine husbandry practices and environmental conditions. 

Evaluation of time budgets for lactating dairy cows is important, as prolonged time spent away 

from the pen for milking and transit can have a potentially negative impact on lying time, 

feeding time, and disruption of normal social interactions. Use of various activity monitors 

allows objective quantification of these behaviors, as well as those associated with specific tasks, 

such as feed delivery, milking, and cow-flow through automatic milking systems. Simple, yet 

important questions known to be of importance can be validated with these remote technologies. 

For example, whether alterations in feed delivery timing and frequency relative to milkings 

affects activity indices and feed intake in intensively housed dairy cattle, with detailed 

descriptions of cow activity, using activity monitors and bunk attendance systems and the impact 

of frequency of feed delivery described in free-stalled dairy cattle.429 Group-housed cattle 

activity in automatic milking systems (AMS, i.e. robotic milker), reported by Deming et al. 

(2013), demonstrated the importance of number of AMS units, bunk space allowance, and an 

increased frequency of feed push-up in order to maximize milking frequency and daily lying 

duration in this system.430 Use of activity monitoring and the impact of feed delivery frequency 

has been quantified in cows milked thrice daily.431 As reported by Devries et al. (2005), cows 

increased feeding time by 26% when fresh feed was made available upon return from milking 

compared to when it was not, whereas delivery of feed 6 hours after milking further increased 

feed intake by 12.5%.432 This suggests that the delivery of fresh feed is a stronger stimulus for 

feed intake than the return from milking in tie-stalled dairy cows.433 However, a recent study by 

the same group found opposing results.434 Timing of feed delivery and its influence on post-
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milking standing time is important from the perspective of new intramammary infections. 

Generally, it is held that promoting longer standing times post-milking reduces the risk of 

intramammary infection, by allowing sufficient time for teat canal closure. Feed delivery timing 

alters the time to first lying post-milking in tie-stalled dairy cows, as demonstrated by DeVries et 

al. (2010), therein a 1.4 risk reduction of intramammary infection was observed if lying time 

occurred between 40 and 60 minutes post-milking compared to those lying down within 40 

minutes of milking.435 However, as post-milking standing time increased past 60 minutes, the 

odds of acquiring a new infection increased.435 Similar findings have been demonstrated in free-

stalled cows using automatic milking systems.436 Although not a direct comparison of 

parameters, in contrast Watters et al. (2013) demonstrated that first lying times at greater than 90 

minutes post-milking decreased the risk of acquiring elevated somatic cell counts compared to 

less than 90 minutes, using activity monitors to quantify behaviors on five commercial free-stall 

dairy farms.437 Novel algorithms for evaluation of activity monitoring data alone or in 

combination with other modalities have allowed refinement of time-budgets, such as quantifying 

time spent in transit to and from milking parlors at the pen and individual cow level.438 Further 

use of accelerometer-based data to critically appraise management practices, improve cow-

comfort and time budgets are areas of on-going research.   

 As discussed, the peripartum period represents a critical period during the cows 

reproductive life, in which remote, objective quantification of physiological and behavioral 

changes through the application of remote technologies could provide valuable information of  

impending parturition and potentially alerting personnel of the need for intervention during 

dystocic calvings. Quantification of behaviors in peripartum cows using video surveillance 

describes the characteristic changes associated with stage two labor, with increasing restlessness, 
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tail raising, and an increase in frequency of transitioning from standing to lying.439-441 Use of 

remote technologies, including accelerometers, minimizes human observation required to review 

videotape footage. Use of activity data and the development of algorithms predictive of 

impending parturition is a recent application of these activity-monitoring technologies. Huzzey et 

al. (2005) demonstrated significant changes in mean daily standing time and an eighty-percent 

increase in the number of transitions from lying to standing during 24 h prior to and 24 h post-

calving period in free-stall housed transition cows.442 Recently, Titler et al. (2015) have 

developed an algorithm for the prediction of calving, based on observed calvings and activity 

data in dairy cattle.443 Distinct behavioral patterns were demonstrated by both primiparous and 

multiparous cows, which included an increase in step count, increased standing time, decreased 

lying time, and increased frequency of lying bouts.443 Using the activity index, which placed a 

greater significance on lying bout frequency compared to other behavior data, a significant 

change in activity was observed on average 6 h before calving (with a range of 2 to 14 h); and, in 

almost 76% of animals within 4 h of calving.443 However, variability in the sensitivity and 

specificity for accelerometer-based activity data (and respective algorithms applied in analyses) 

for the prediction of calving is present in the literature. In part results are influenced by sample 

size and whether performed under controlled experimental conditions or field settings. For 

example, Rutten et al. (2015) and Borchers et al. (2017) report sensitivities ranging from 90 to 

100% and specificities approximately 90% in a limited number of cattle.444,445 In contrast, 

Santegoeds et al. (2016) report a sensitivity and specificity <30% with poor performance (0.82, 

based on AUC on ROC) not suitable for commercial use.446 Although changes in activity, 

rumination, and ear temperature were demonstrated using multiple sensors, Rutten et al. (2017) 

similarly report poor performance of sensor data to predict calving onset, with an unacceptably 
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high false positive rate.447 Depending on the window of prediction (e.g. exact hour, 6 h, and 12 

h) assigned to the model, sensitivity ranged from 21.2 to 51.5%, with a fixed false positive rate 

of 1% (specificity of 99%).448 The studies by Santegoeds et al. and Rutten et al. were based on 

3,000 and 417 calvings, respectively, on commercial Dutch dairies.446,448 Although significant 

changes in behavioral indices were consistent with previous studies, these studies illustrate the 

need for further research in the validation and refinement of activity-based data algorithms under 

field commercial settings for the prediction and accurate detection of calving.  

Continued refinement of algorithms applied to behavioral activity data will promote 

further implementation of activity monitoring devices under commercial conditions. Detection of 

behavioral changes associated with estrus and parturition through the use of activity monitors 

will continue to drive further acceptance and use of these devices commercially, as these are 

important physiological events with significant economic and production impacts. Development 

of algorithms and analyses applied to activity monitor-based data as a measure of well-being and 

for the detection of disease are areas of active research in all sectors of the cattle industry.   

 Cows demonstrate altered lying behavior during clinical mastitis, as demonstrated under 

experimental and naturally occurring conditions. Based on video recording of behavior, cows 

exhibited a decrease in lying time for 12 hours following infusion of E. coli LPS into a single 

quarter, as reported by Zimov et al. (2011).449 Siivonen et al. (2011) report significant decreases 

in lying time and time spent lying on the side of the affected quarter for 20 hours post-LPS 

infusion (P < 0.07), as well as an increase in stepping behavior (P = 0.02).450 In Fogsgaard et al. 

(2012), cattle demonstrated similar changes following intramammary inoculation of E. coli, with 

a reduction in lying time and an increase in time spent standing idly for 24 hours post-

inoculation.451 Altered behavioral activity corresponded to peak rectal temperatures, evidence of 
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local inflammation, and increases in acute phase reactants.449 Using activity data loggers, Cyples 

et al. (2012) further characterized the changes in lying behavior following intramammary LPS 

infusion.452 Cows exhibited significant decreases in total lying time (73.3 minutes, P = 0.005), 

particularly during 4 to 7 h post-infusion, whereas no alterations in the proportion of time spent 

lying on the side of the affected quarter, number of lying bouts, or lying bout duration were 

found.452 In de Boyer des Roches et al. (2017), sequential phases of experimental E.coli mastitis 

were distinguishable based on changes in behaviors and pathophysiological markers of an 

APR.453 Behavioral changes preceded increases in APP and rumen temperature and returned to 

baseline prior to resolution of the on-going APR.453 Cows were less attentive toward their 

surroundings, had lower head carriage, and changed posture (standing/lying) less often during 

the 8 h post-inoculation compared to pre-inoculation baseline.453 Behavioral changes associated 

with naturally acquired mastitis are similar to experimental findings. In Medrano-Galarza et al. 

(2012), cows with mild mastitis spent significantly less time lying down and had a greater 

percentage of laterality behavior when lying (i.e. demonstrated a left or right side preference).454 

Unlike Siivonen et al. (2011), no differences in daily step counts were observed between healthy 

and mastitic cows.454 Likely owing to the mild nature of clinical disease, no significant 

differences in weight distribution, stance, or stepping and kicks during the milking process were 

observed between healthy and mastitic cows; however, cows did tend to demonstrate more 

restless behavior during milking for 3 days after mastitis detection.454 Fogsgaard et al. (2015) 

found several behavioral changes in mastitic cows, which persisted for at least 10 h after 

initiation of treatment.455 As in Medrano-Galarza et al. (2012), mastitic cows demonstrated 

significant behavioral differences compared to healthy cohorts, including reduced lying time, 

increased lying bout frequency, and increased daily step counts, as well as altered behavior 
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during the milking process, with increased leg lifting frequency and kicks during milking in the 

AMS.455    

 In addition to changes in feeding and rumination behaviors as markers of health, the 

potential also exists for identifying cows at risk for illness during the transition period based on 

activity logger data. Huzzey et al. (2005) have characterized changes in eating, drinking, and 

behavioral activity of healthy free-stalled dairy cows during the transition period.442 Daily 

standing time increased by 2 h during the calving period compared to the pre-calving period and 

1 h longer than the post-calving period, as well as an 80% increase in the number of standing 

bouts during the calving period, reflecting increased activity around parturition.442 

Characterization of behavior in subclinical hypocalcemic dairy cows, Jawor et al. (2012) found 

these cows to stand 2.6 h longer during the 24 h prepartum, whereas they spent 2.7 h less time 

standing 24 h post-partum.456 Itle et al. (2015) found that post-partum cows with clinical ketosis 

spent less time lying and increased time standing in the week before calving, whereas no 

differences in lying time were evident post-calving.457 Kaufman et al. (2016) found no 

differences in lying time, lying bout frequency, or bout length in different health categories of 

primiparous cows during the transition period, whereas subclinically ketotic multiparous cows 

demonstrated increased lying time post-partum compared to healthy cohorts.458 An increase of 

one standard deviation (131 min) above the mean daily lying time (601 min/d) was associated 

with 1.8-times increased odds of hyperketonemia associated with another postpartum disease 

during the first week post-partum.458 Edwards and Tozer (2004) report identification of cows that 

developed left displaced abomasum, ketosis, and general digestive disorders, 5 to 6 d earlier than 

clinical examination, based on changes in daily walking activity and milk yield.459 Liboreiro et 

al. (2015) also found reductions in postpartum activity in cows with subclinical ketosis, retained 
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fetal membranes, and metritis.460 Similarly, Sepulveda-Varas et al. (2014) found differences in 

postpartum lying time differentiated healthy and clinically ill dairy cows under grazing 

conditions.461 Primiparous cows that developed more than one clinical disease, excluding 

lameness, spent more time lying, and tended to have longer lying bouts postpartum compared to 

healthy cows, whereas no differences in lying time was seen in multiparous cows.461  

 Use of activity data loggers for behavior monitoring has demonstrated the ability to 

detect other important diseases in beef cattle, under experimental and naturally occurring disease 

states. In an experimental model of clinical Mannheimia hemolytica pneumonia, calves spent 

significantly more time lying, less time standing, and took fewer steps, as determined by 

accelerometer and pedometer quantification, compared to baseline activity.462 Subtle sickness 

behaviors following BVDV challenge were demonstrable through the use of accelerometers in a 

mild BVDV infection model by Bayne et al. (2016), wherein BVDV-infected calves spent less 

time standing during the period of viremia, however, the ability to distinguish infected and non-

infected calves using accelerometer-based data was limited.463 Using ear-tag sensor triangulation 

technology, White et al. (2012) demonstrated significant reductions in activity level, including 

proximity to feed bunks, and less distance traveled in calves following intranasal inoculation of 

Mycoplasma bovis.411 Recently, an ear-tag accelerometer has been evaluated for accuracy of 

activity monitoring of feedlot cattle under commercial conditions.410 In Smith et al. (2015), ear-

tag accelerometer activity data allowed the identification of moribund steers in central 

Kentucky.464 Mean hourly activity counts of sick steers were approximately 25% lower than the 

activity counts of healthy steers for 16 of 24 hours per day.464 Following treatment, activity 

counts of recovered steers returned to values similar to healthy cohorts.464 In addition, 

accelerometers and other activity monitors have been used for lameness detection. Given the 
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complexity of kinetic and kinematic gait evaluation in the bovid, the use of activity monitors will 

be discussed in the last section of this literature review in the context of objective 

characterization of lameness in cattle. 

 Activity monitor behavioral data demonstrates exceptional usefulness in both research 

and commercial production settings, as the data generated serves multiple purposes. 

Accelerometers have demonstrated to be a practical and reliable tool for estrus detection and 

reproductive management. Continued investment in these technologies on commercial operations 

will in large part be based on this factor. Continued research needed to further utilize 

accelerometer based data include the critical assessment of management and husbandry practices 

and resultant improvements in cow-comfort and well-being. As well, the development of 

algorithms to detect behavioral changes associated with morbidity, thereby improving the timely 

detection of disease, monitoring treatment responses, and the overall health and productivity of 

cattle at an individualized level.  

 Lameness is one of the most costly health problem of dairy cattle and represents a major 

welfare concern across both the beef and dairy industries.465,466 The incidence of lameness in 

dairy cattle varies between herds, but can range from 30 to 55% dependent on geography and 

management factors.467 The estimated incidence in the feedlot sector is considerably less at 

<10%, but the issue in fattening and market-ready cattle has received limited attention, and the 

overall impact and prevalence of lameness conditions are likely underestimated.468 There are 

multiple locomotion scoring systems used to assess lameness in dairy and finished cattle, varying 

in their respective complexity of parameters assessed.469-473 As with BRD detection and 

subjective CIS, gait assessment in cattle demonstrates marked variability in accurate detection 

and agreement between observers.474,475 To overcome the limitations of subjective clinical 



80 
 

assessment, research groups have used different technologies to objectively and quantitatively 

measure posture and gait. Three broad categories of approaches used include: kinetic, kinematic, 

and behavioral indices.  

 Detailed soundness evaluations for pre-purchase or diagnostic work-up for lameness are 

common in equine performance practice. Similar to limitations observed in cattle, subjective 

evaluation also lacks agreement for designation and quantification of mild- to moderate-degree 

lameness in horses.476,477 Objective gait analyses enable the quantification of spatial and 

temporal variables of locomotion and static postural behaviors.478 Kinetics is the study of forces 

involved in motion, whereas kinematics is the study of motion as it pertains to changes in body 

position over time.478 Ground reaction forces (GRF) exerted on the hoof (or claw) by the ground 

are present during standing or walking. The vertical component of the ground reaction force is 

distributed over the contact area of the hoof (or claw) of a limb, dependent on the shape of the 

hoof (or claw) as well as its placement.478 In turn, the vertical force distribution between lateral 

and medial claws and over the contact area of each claw determines the degree of local 

compression of the horn and underlying tissues. From a kinematic perspective, the step cycle of a 

limb during walking can be broken down into a weight-bearing (stance) phase and a non-weight 

bearing (swing) phase.478 Several technologies for the objective quantification of lameness, 

extensively used in equine, have been increasingly use in livestock species. These include video-

based and sensor-based computerized kinematic motion analyses systems and accelerometers, as 

well as GRF systems which may involve pressure-sensitive walkways, stationary force plates, 

and force-measuring treadmills.  

 Early use of force-plate analysis include the description by Scott (1987, 1989).479 Using a 

commercial force plate system, vertical and horizontal ground reaction force-time curves were 
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generated in a group of seven cows. Importantly, this early work highlighted the variability in 

GRF changes demonstrated by cows with similar lameness severity and lesions. The majority of 

contemporary kinetic studies measure either the force exerted on the ground by the hoof as the 

cow walks on two parallel force plates, or measuring changes in weight distribution while the 

cow stands stationary on a platform comprised of four independent weight recording cells. 

Typically, most GRF systems are limited to variables captured in one or two dimensions, with 

limited research using more advanced, 3-dimensional systems.  

Using pressure distribution and force plate systems, Van der Tol et al. (2003) reported the 

ground reaction forces, including the magnitude and distribution of pressures, exerted on the 

contact areas of forelimb and hind limb claws in healthy dairy cattle during the stance phase of 

walking.480 Inclusion of five stance phase variables heel strike, maximum braking, midstance, 

maximum propulsion, and push off were utilized to determine pressure and contact area of 

individual claws and each foot. Differences were observed between the forelimb and the hind 

limb for the force and pressure distribution and their change over time during walking.480 The 

maximum vertical ground reaction force on the forelimb was greater than the hind limb (3324 

versus 2444 N, respectively, P < 0.05).480 During walking, force was relatively equally 

distributed in the lateral and medial claw of the forelimbs, whereas force distribution was 

unbalanced in the hind limb, with a significantly greater part of the vertical ground reaction force 

exerted on the lateral claw.480 Results highlight the need for high sampling frequency and spatial 

resolution, as pressure distribution on the bovine claw at a walk are dependent on the period of 

stance phase, and thus time. Further, the interindividual variation was higher in the forelimbs 

compared to the hind limbs.480  



82 
 

 Similarly, in the evaluation of healthy, non-lame cows, Chapinal et al. (2009) report the 

influence of milking (e.g. pre-milking versus post-milking) and pregnancy status on weight 

distribution in Holstein dairy cows.481 Evaluation included the use of a four-cell weight platform, 

as well as video recordings for subjective gait scoring and determination of walking speed. 

Following milking, there was a significant decrease in weight applied to both front and back 

limbs, with a greater decrease in the hind limbs compared to the forelimbs.481 Variability of 

weight over time and the asymmetry of weight between contralateral legs, as an estimate for 

weight shifting, was not influenced by milking.481 A small decease in gait score occurred post-

milking, with the greatest appreciable changes being the degree of hind limb abduction or 

adduction. Walking speed remained the same post-milking.481 Similarly, post-calving cows had 

reductions in weight applied to both fore and hind limbs, with similar decreases observed in all 

limbs.481 Late-gestation cows demonstrated greater variability of weight over time in both fore 

and hind limbs.481 Subjective scores and walking speed did not significantly change after 

calving, although post-partum cows demonstrated increased back arch scores and decreased 

asymmetry scores.481  

In cows standing stationary, use of weight shifting between legs has been utilized as a 

measure of restlessness and pain. Steps, without walking, are a clear form of weight shifting 

between limbs. The frequency of steps and weight shifting when cows stand without walking 

were found to be positively correlated in dairy cattle, standing either on rubber or concrete 

surfaces.482 Pastell and Kujala (2007) report the weight distribution among legs as automatically 

collected by load cells during robotic milking and the use of probabilistic neural networking to 

generate a model for lameness detection.483 Combining the weight distribution variables of step 

frequency, weight shifting, and asymmetry provided an accuracy of 86% in the detection of 
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lameness.483 Chapinal and Tucker (2012) report optimized thresholds for the use of weight 

shifting, as assessed by a weight distribution platform, for step frequency during standing in 

adult dairy cows.484 In contrast to the threshold of 20 kg used by Pastell and Kujala483, the 

optimal thresholds for classification of a step were considerably higher (127 and 98 kg for front 

and rear legs, respectively).484 Lame cows took more steps with the rear limbs per minute than 

nonlame cows, whereas no differences were observed in frequency of steps with the forelimbs.484 

For the prediction of hind limb lameness, the frequency of steps was similar to the standard 

deviation of weight applied (i.e. weight shifting; AUC = 0.71) and the leg weight ratio (i.e. 

asymmetry; AUC = 0.69, as previously reported485). This is similar to the AUC of 0.86 reported 

by Pastell and Kujala.483 Furthermore, although step frequency while standing and standard 

deviation of weight applied to the legs (i.e. asymmetry) are measures in weight distribution and 

demonstrate similar accuracies for lameness detection, these parameters do not measure the same 

phenomena and the authors recommended utilization of both.484  

Liu et al. (2011) evaluated the relationship between clinical assessment of lameness to 

vertical kinetic (force plate) parameters in cows with unilateral lameness.486 Determination of 

pain-related indices were based on withdrawal response using an algometer probe and a Dillon 

force gauge, which were incorporated into a clinical locomotion score. In agreement with 

previous reports, measures of kinetic limb loading decreased with increasing lameness scores.486 

These differences in limb loading led to significant asymmetries between the hind limbs in cows 

with unilateral lameness.486 Lame cows demonstrated compensatory limb loading, with changes 

in stance duration in affected and non-affected limbs.486 However, lameness with similar lesion 

distribution, lesion severity, locomotion score, and pain reactions produced more than one effect 
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on vertical kinetic limb variables, with variability in compensatory mechanisms demonstrated 

between cows.486 

Pastell et al. (2010) compared subjective numerical lameness scores and leg weight ratios 

(i.e. asymmetry between paired hind limbs or forelimbs) and the detection of lameness due to 

different etiologies.487 Significant correlation between leg weight ratios and lameness scores 

were found for non-infectious lameness, e.g. sole ulcers (r = 0.79) but not for lameness due to 

digital dermatitis.487 Surprisingly, no correlation between the sole ulcers or lameness and the 

variability of the weight placed on each leg over time (i.e. shifting of weight between legs) was 

present, unlike previous findings of the same group.483 However, use of leg weight ratios could 

differentiate lame cows caused by non-infectious etiologies from sound cows with no sole 

lesions (AUC = 0.87), with increasing accuracy of this kinetic parameter with increasing severity 

of gait scores.487 However, large variance of leg weight ratios was observed in sound cows, 

which presents a challenge of detecting mild lameness using a single kinetic parameter in 

isolation. In addition, not all lame cows were detectable with use of leg weight ratios alone, as 

some lameness was more marked during walking compared to when standing.487  

Comparison of subjective gait scores and GRF is reported by Ghotoorlar et al. (2012), 

utilizing a four-cell ground force plate in standing dairy cows.488 Grouping cows based on 

lameness scores (1 – 5), GRF measures demonstrated good sensitivity and specificity for 

lameness grades (1 – 4), with greater than 72% sensitivity and specificity in these groups.488 

Assessment of grade 5 lameness was limited in sample size and demonstrated a poor sensitivity 

of 50%. A great sensitivity (94%), specificity (100%), positive (100%) and negative (98%) 

predictive values in the detection of sound cows make the system suitable for screening 

programs.488 The system requires cows to stand still for approximately 6 minutes for data 
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collection, and thus would be most appropriate for use in the milking parlor or robotic milker.488  

In contrast, poor sensitivity and performance of a commercial system was reported by Bicalho et 

al. (2007), who evaluated the associations between visual locomotion scoring (VLS) and a 

commercial GRF automated locomotion system (Stepmetrix locomotion scoring, BouMatic, 

Madison, WI).489 In 459 cows, sole ulcers were the most prevalent hoof lesions (53%), followed 

by digital dermatitis, white line abscessation, toe and heel ulcers, double soles, foot rot, and other 

diseases. At the manufacturers’ recommended cut-offs, the automated GRF system demonstrated 

a sensitivity and specificity of 22.2% and 93.8%, respectively for the detection of lameness, with 

visual locomotion scoring performing better than the commercial system.489 

The impact of hoof trimming on gait score, activity indices, walking speed, and weight 

distribution parameters, as reported by Chapinal et al. (2010), demonstrated use of objective 

measures to continuously monitor animals to detect onset or recovery from lameness.490 Before 

hoof trimming, lame cows (based on subjective gait scores) demonstrated uneven rear weight 

distribution (asymmetry), more weight shifting when standing, and spent more time lying down 

than sound cows.490 No differences in walking speed between lame and sound cows were 

observed before hoof trimming.490 Importantly, hoof trimming had an impact on both lame and 

sound cows, with a deterioration in gait scores, a reduction in walking speed and an increase in 

lying time.490 Lame cows showed an increase in weight distribution asymmetry between the hind 

limbs following hoof trimming not observed in the sound cows.490 The change in time spent 

lying after hoof trimming was correlated with the change in gait score and change in the leg 

weight ratio, i.e. asymmetry between hind limbs.490 Similarly, Chapinal et al. (2010) objectively 

evaluated the impact of pain mitigation (i.e. non-steroidal anti-inflammatory administration, i.e. 

ketoprofen) and hoof trimming in dairy cows using objective measures of weight distribution and 
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daily accelerometer activity data.491 Gait scores were positively correlated with standard 

deviation of weight distribution of hind limbs (r = 0.32, P = 0.01) and negatively correlated with 

rear leg weight ratio (r = -0.52, p = 0.002) and step count (r = -0.43, P < 0.001).491 As a measure 

of asymmetry between contralateral limbs, the leg weight ratio was the best measure for 

identifying lame cows.491 Use of activity monitoring indices showed limited correlations with 

gait scores and, although a significant correlation was found between lameness score and step 

counts, most of the steps were associated with milking and therefore the influence of milking 

frequency and the distance from pen to milking parlor should be considered.491 Use of analgesia 

had little effect on subjective lameness scores, whereas the impact on weight distribution 

measures was not clear. A tendency for a decrease in limb shifting in cows receiving an NSAID 

following hoof trimming was observed, but the magnitude was small (less than 5kg).491   

As discussed above, there are disagreements as to the best variable or variables to 

measure when using kinetic data to detect lameness. Whereas asymmetry was found to be most 

accurate in Pastell et al. (2010), both asymmetry in limb weighting and shifting between limbs 

were good measures, but the latter was more accurate in Chapinal et al. (2010).487,491 The 

inherent variability present between different types or forms of lameness will likely mean 

different parameters are better suited for the detection of different conditions. For example, a 

lameness that does not result in different limb loading at rest but alters GRF exerted by different 

limbs at the walk would be best detected using a pressure mat capable of measuring kinetic 

parameters during motion, as opposed to a stationary plate capturing GRF while standing. A 

stationary plate capturing GRF would be more suitable for a lameness not affected by motion, 

with unequal weight distribution patterns at rest. Correspondingly, shifting within the same limb 

will not necessarily result in a positive finding when 1-dimensional load cells are utilized to 
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capture GRF, as these have limited ability to discriminate between the claws of the same limb. 

Use of more advanced systems, which incorporate data in three-dimensions (not limited to the 

vertical dimension), will likely lead to more accurate lameness detection, as detecting load shifts 

between claws would be possible. For example, Dunthorn et al. (2015) report a 52% sensitivity 

and 85% specificity for lameness detection using a force plate system restricted to the vertical 

dimension.492 Modification of the system to measure ground reaction forces in three dimensions 

improved the sensitivity and specificity for lameness detection to greater than 90%.492 Thorup et 

al. (2014) report differences in ground force reaction curves of sound and lame cows and the 

impact of hoof trimming, using a system comprised of two parallel, 3-D strain gauge force 

plates, over which cows repeatedly walked.493 Vertical, longitudinal, and mediolateral GRFs 

were quantified over time, as well as walking speed measured. Symmetry parameters for each of 

the three force directions were calculated to compare the entire stance phase curves of the paired 

left and right legs.493 Walking speed was significantly greater in sound cows compared to lame 

cows (P < 0.001).493 Following trimming, all 3-D symmetries were significantly improved, 

however short-lived, as the effect was not present for mediolateral and longitudinal direction by 

day 7 post-trimming.493 The presence of lameness significantly worsened vertical and 

mediolateral symmetries compared to sound cows.493   

Maertens et al. (2011) described the automated Gaitwise system, which incorporates 

kinematic and kinetic variables using a pressure sensitive walkway (ILVO, Merelbeke, 

Belgium)u.494 In relation to subjective gait scoring, the system had an overall sensitivity of 76 – 

90% and specificity of 86 – 100%. Important parameters with discriminatory capability included: 

asymmetry in step length, stance time, step time, and step width, whereas asymmetry in relative 

force of limb surprisingly did not add to the correlation. Clinically, the device was reported to be 
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simple and relatively inexpensive to implement on farm.494 However, further improvements 

needed to ease data capture and use include the ability to link locomotion data with RFID 

information in real-time. Van Nuffel et al. (2016) evaluated cow-related and environmental 

factors that affect cow locomotion and the detection of lameness using the Gaitwise systemu.495 

Environmental effects, such as wet surfaces, dark environment, as well as the cow-related factors 

of age, production level, lactation and gestational stage impacted gait and should be taken into 

account, as an improvement in the number of false alerts were found when these variables were 

accounted for with this system.495  

Assessment of biometric tools in kinetic gait analysis of young calves is currently limited.  

Information on baseline biometric variables, including stance time, stride velocity, pressure 

distribution, impulse and maximum forces using a floor mat-based pressure/force measurement 

system were reported for clinically normal calves.496 Large variability within and among 

individual calves was present, especially as it pertained to stance time and stride velocity.496 

Conversely, impulse and maximum force was less varied and likely these two variables might be 

clinically useful for the detection of lameness in young calves.496 The authors suggested the 

establishment of a baseline of biometric values for each calf and monitoring changes over time, 

rather than comparison of a single measurement with a reference range.496 Evaluation of kinetic 

gait parameters and the efficacy of several cyclooxygenase inhibitors in an amphotericin B-

induced synovitis-arthritis calf model have been reported, using similar biometric technology.497-

499 Overall, alteration in kinetic parameters were appreciable following synovitis-arthritis 

induction.497-499 As demonstrated either by kinetic parameters returning towards baseline more 

readily, or a lesser change in magnitude of kinetic parameters compared to control animals, 

amelioration of discomfort and lameness, to some degree, was observed in calves administered 
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flunixin meglumine498, or meloxicam with or without gabapentin499, whereas administration of 

sodium salicylate had no overall difference on kinetic parameters.497 Accelerometer activity 

indices also indicated differences in behavioral activity with NSAID administration, wherein 

treated calves spent less time in recumbency498 or had increased step counts compared to 

controls.499   

 The earliest description of quantitative kinematic gait analysis in dairy cattle by Herlin 

and Drevemo (1997) utilized high-speed cinematography of hand-walked cows and processing 

of video data via commercial motion analysis system.500 This work characterized walking speed, 

stride duration and the percentage of time of each phase of the stride cycle, as well as various 

joint angles, in 17 Swedish Friesian cows housed under different management conditions.500 

Other early efforts using computer-aided kinematic techniques, commonly used in horses, 

include the work of Flower et al. (2005).501 Video recording of dairy cows walking were 

performed on seven consecutive days as cows exited the milking parlor and traveled down a 

concrete test alley. Cows were fitted with reflective markers above the fetlock joint of each leg to 

ease visualization and at least two consecutive strides per cow were recorded. Kinematic 

measures calculated were spatial parameters (i.e. stride length and maximum stride height) and 

temporal parameters (i.e. stride, stance, and swing duration and hoof speed). Clinical assessment 

of hooves and morphometric measures (e.g. body mass, height at withers and tailbone, and back 

length) were also assessed.501 Cows with sole ulcers had significantly shorter stride lengths, 

longer stride duration, and had lower maximum stride height compared to healthy cows (P < 

0.05).501 Lame cows also had slower average hoof speed (P < 0.001).501 The proportions of the 

total stride duration made up by the stance and swing phases also differed between lame and 

sound cows, with the percentage of triple support during the gait cycle (time when animal 
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supported by 3 legs) more than doubled for cows with sole ulcers compared to healthy cows (42 

versus 18%, P < 0.001).501 Subsequently, the same group demonstrated changes in kinematic 

variables following milking, in both sound and lame cows with sole ulcers.502 Following milking, 

all cows had significantly longer stride length, higher maximum stride height, shorter stride 

duration, shorter periods of triple support, and faster walking speeds (P < 0.05).502 Significant 

differences in kinematic variables were even more apparent between lame and sound cattle post-

milking.502 Results suggest that kinematic evaluation of gait in dairy cows should be performed 

after milking to limit the influence of udder distention on gait variables.502  Flooring substrate, 

e.g. concrete compared to composite rubber flooring, alters kinematic variables in both sound 

and lame dairy cows.503 An additional spatial parameter not previously calculated included stride 

overlap (e.g. horizontal distance between front hoof strike and subsequent ipsilateral rear hoof 

strike).503 On composite rubber flooring, cows overall had longer and higher strides, greater 

overlap between front and hind hooves, longer swing durations, less time in triple support, and a 

faster walking speed.503 The correlations between gait scores (tested on concrete, 1 - 5) and 

differences in kinematic variables between concrete and composite rubber flooring were greatest 

for stride length, swing duration, and triple support, whereas non-significant correlations were 

found for stride height, stride and stance duration, and walking speed.503 Interestingly, the 

subjective gait score reflected how the cow responded to the flooring surface – cows with the 

more severe lameness scores benefited the most from a softer, higher-friction surface.503  

Blackie et al. (2013) assessed the impact of different foot lesions on the various 

kinematic gait phase parameters in lame dairy cows.504 Markers at the center of rotation were 

attached to the fore and hind limbs, as well as along the spinous processes. Gait cycles were 

recorded using a digital video camera and motion analysis software used for analyses.504 In 
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addition to commonly reported gait cycle parameters, joint flexion angles and heights, as well as 

height of spinal processes, withers, and head position were determined. Similar to the findings of 

Flower et al. (2005), shorter stride lengths and tracking distances (P = 0.032 and 0.06, 

respectively) were observed with increasing locomotion scores.504 A weak tendency of longer 

stride duration was also observed with increasing severity of lameness.504 Locomotion scores had 

no association with joint heights and a limited association with joint flexion (e.g. range of 

motion).504 Spine marker height on thoracic and lumbar spinal processes did not differ between 

locomotion scores, however, subtle changes to spine length and posture were apparent in cows 

with sole ulcers.504 The presence of sole ulcers had the greatest impact on differences in gait 

parameters, as compared to cows with sole hemorrhages or healthy cows.504   

Use of treadmills for kinematic gait analysis offer the advantage of standardization. Due 

to multiple factors, including availability, cost, and animal temperament, use of treadmills in 

cattle is limited, especially when compared to research carried out in horses. Meyer et al. (2007) 

report the ground contact patterns of the feet during the first half of the stance phase in non-

lactating heifers, using high-speed cinematography and a treadmill.505 Peak vertical ground 

reaction forces were also measured in all four limbs, however the system could not distinguish 

between the lateral and medial claw. The stance and swing duration did not differ between fore 

and hind limbs. Peak vertical GRF was significantly higher in the forelimbs compared to the hind 

limbs. Both forelimbs and hind limbs demonstrated laterality of claw contact, with the lateral 

claw contacting the ground prior to the medial claw.505 Laterality was more pronounced in hind 

limbs, e.g. longer lag time before both claws made ground contact.505 Similar overall gait 

patterns and claw-ground contact patterns in lactating dairy cows were found by Schmid et al. 

(2009), using a treadmill and high-speed cinematography approach.506 Similar to heifers, the 



92 
 

lateral claw made contact with the ground before the medial claw in both fore and hind limbs in 

cows.506 Differences in gait pattern between cows and heifers include a greater step width in 

cows, with the authors speculating that this may lead to increased shear and horizontal ground 

reaction forces placed on the lateral claw.506 In addition, the time lag between ground contact 

time between claws was longer in cows (35.5 ms)506 when compared to heifers (24.0 ms)505; and, 

laterality was slightly longer in the forelimb of cows compared to the hind limb of heifers.506  

Accelerometers have been most useful for detecting standing and lying behavior, whereas 

refinement of data analyses for the characterization of detailed kinematic parameters during 

walking are still needed, including the optimization of sampling frequency. High sampling rates 

are more suitable for precise gait analyses, but such frequencies overwhelm the battery life and 

data storage capabilities of most commercial activity monitors. Changes in trunk and limb 

acceleration as a measure of gait alteration has been evaluated using 3-dimensional 

accelerometer data in adult dairy cattle. Using accelerometers strapped to the lateral aspect of 

each limb, just proximal to the fetlock joint, and a single accelerometer on the back mid-line, 

Chapinal et al. (2011) acquired acceleration data at the walk in lactating dairy cows on different 

flooring surfaces.507 Comparisons between subjective gait scores, kinematic variables, including 

the mean and variance of acceleration of paired front and rear legs and back, as well as walking 

speed were performed. The asymmetry of variance of acceleration in the front and rear legs was 

positively correlated to gait scores and visually assessed asymmetry of steps.507 In other words, 

cows with high gait scores (i.e. more severe lameness) had greater asymmetry in the variance of 

acceleration in both front and rear legs. This agrees with the findings of Pastell et al. (2010), 

although only rear limb asymmetry of variance of acceleration were found.487 Walking speed 

was positively correlated with the mean acceleration and variance of acceleration of the back and 
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each leg, whereas it was negatively correlated with the asymmetry of variance of the rear legs 

and the asymmetry of the steps.507 However, no correlation was observed between gait score and 

mean walking speed. Differences in acceleration measures were identified between concrete and 

rubber flooring.507 Tanida et al. (2011) describe gait characteristics at the walk in 6 Holstein 

cows using a 3-D accelerometer attached to the metacarpal region. Simultaneous video recording 

of each cow was performed, with markers affixed to the carpus, hock, and fetlocks of the right 

fore and hind limb, with accelerometer data synchronized with video images.508 This approach 

allowed the identification of individual steps, each comprised of two discernable phases (i.e. 

acceleration and non-acceleration) using Lissajous figures.508 Description of whole body 

acceleration using the same accelerometer model, affixed to the thoracolumbar region, was also 

evaluated in 17 Holstein cows. Hoof trimming significantly decreased both the range of vertical 

movement of the joints in both the fore and hind limbs, as well as the variance of lateral and 

forward acceleration of the spine sensor.508 This suggested improved smoothness and 

rhythmicity of gait following hoof trimming. Interestingly, the trajectory pattern of the leg 

movements could be reproduced by measures of vertical acceleration of the dorsally attached 

accelerometer.508  

Alsaaod et al. (2015) developed algorithms to quantify activity indices and gait 

parameters utilizing 3-D accelerometer data in loose-housed dairy cows, using video-recording 

as the gold standard comparison.509 Of interest from a kinematic perspective, algorithms were 

developed to characterize stride length and stride duration. Strong correlations were found for the 

activity indices of lying, standing, and walking (time and bouts, as well as step frequency) 

between video and accelerometer data.509 The relative measure of error (RME) for the 

parameters stride duration and length were greater but reasonably strong correlates were 
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demonstrable. Correlation between video recording and accelerometer data for stride duration 

and stride length were 0.75 and 0.81, respectively.509 The corresponding mean RME for stride 

duration and stride length were 6.65 and 11.92%, respectively.509 In continuation, Alsaaod et al. 

(2017) further refined accelerometer data analyses for kinematic gait cycle assessment in cattle at 

the walk. This included comparison of acceleration between the lateral hind claw and metatarsus 

of the same limb, in sound and lame cattle.510 Devices used included a high-speed video camera, 

two high-frequency accelerometers, as well as inertial measurement units (IMU), designed for 

use in humans. The IMU gait analysis system included a 3-D accelerometer, a 3-D gyroscope, 

and a magnetometer. Only the accelerometer data from the IMU were utilized, which were 

synchronized with cinematographic data. Kinematic data were transformed into a single vector 

magnitude (pedogram) and were compared to cinematographic data.510 See510 for detailed 

account of pedogram parameters. Overall, measurement of gait cycle variables at the level of the 

metatarsus, using a single accelerometer (with a high sampling rate), was adequate for the 

indirect characterization of acceleration of the claw.510 Differences in all kinematic variables of 

the gait cycle, with the exception of gait cycle duration, were significantly different between 

sound and lame cows.510 Measurement of gait cycle variables using two accelerometers, on 

respective metatarsi, differentiated between sound and lame cows with unilateral lesions of the 

hind feet.510 Use of two accelerometers, placed on each metatarsus, may be a useful tool to 

accurately describe the different gait cycle variables as well as detect unilateral hind limb 

lameness. Next, Alsaaod et al. (2017) reported the validation of a semi-automated software 

system (Cow-Gait-Analyzer) in order to extract the relevant gait events from accelerometer 

data.511 Low RME for the parameters: gait cycle duration, stance phases, foot load, and toe-off 
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peaks were found.511 Thus, the semi-automated software tool for high-frequency accelerometer 

data analyses was found suitable for detailed kinematic gait pattern characterization in cows.511   

Poursaberi et al. (2010) describe the use of 2-D imaging processing techniques and the 

development of an automatic real-time algorithm to quantify back posture measurements, for the 

detection of lameness in dairy cattle. A correct lameness classification rate of 96% was found.512 

Likewise utilizing computer 2-D vision techniques for the extraction of back posture parameters, 

Viazzi et al. (2013) assessed individual cow variation in body movement patterns (BMP) to 

generate individualized thresholds for lameness detection. Individualized values were compared 

to population-based threshold modeling.513 Using a population-based threshold had an overall 

classification accuracy of 76%, a true positive rate of 83%, and a false positive rate of 22%, 

when 3 classifications of locomotion status were used.513 Overall accuracy was improved to 85% 

with binary classification (i.e. non-lame and lame). When an individualized threshold was used 

for each cow, the overall accuracy and true positive rate increased to 91%, and the false positive 

rate was decreased to 6%.513 Furthermore, classification rate was high for all 3 lameness classes. 

Generation of individualized BMP and thresholds seems a reasonable approach to overcome 

individual variability for lameness detection, when using image analysis systems.513 

Modifications of camera positioning and the inclusion of 3-D analysis were subsequently carried 

out by Viazzi et al. (2014).514 Both 2-D and 3-D algorithms demonstrated similar accuracy of 

90% for the classification of lameness.514 The 3-D top-view algorithm approach offered the 

advantage of fully automated image segmentation and analysis in real-time, as well as the 

capability of assessing cows walking side by side in tandem.514 Hertem et al. (2014) further 

optimized the classification performance of the previously described algorithm515, by including 

consecutive measurements of the same animal.515 The model demonstrated a reasonable accuracy 
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of 60.2% using four consecutive measurements when compared to a 5-point gait score.515 

Accuracy was improved to 81% when a binary classification was used515, however this was less 

than the 90% previously reported for the same system.514  

Characterization of gait patterns in cattle has been enhanced with the application of 

kinetic and kinematic technologies. Although most of these technologies are currently limited to 

research settings, implementation of such devices will likely continue to grow commercially as 

the cost and capabilities of these devices improves. With an increasing interest in AMS, capture 

of GRF by milking platforms equipped with load cells, is a very feasible and practical way 

kinetic parameters can be measured daily, with the generation of alerts as to the presence of 

lameness in individual cows. Quantification of both kinetic and kinematic data by pressure 

sensitive walkway systems, such as Gaitwise, also offers a real world, practical approach to 

lameness detection. Although improvements are needed in the accuracy and implementation of 

these systems on commercial operations, they are straightforward in concept. Most current 

kinematic technologies require multiple devices and a level of expertise for data interpretation 

that limits their application to the research setting. Defining which parameters are best suited to 

fully capture gait patterns, and development of algorithms which accurately detect lameness, 

needs further attention. However, with continued improvement in battery life and data memory 

storage capabilities, accelerometers capable of high frequency data acquisition in the future may 

be able to quantify kinematic gait parameters under field conditions in real-time. As well, niche 

sectors of the cattle industry, such as performance animals (e.g. bucking stock), would benefit 

from the development of a kinematic-based sensor system for gait analysis for characterization 

of performance limiting lameness - akin to the lameness detector systems available in equine 

performance horse medicine (e.g. Equinosis™ lameness locator®)v. At the present time, use of 
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remote technologies to detect lameness largely utilizes accelerometer based data, using activity 

monitors implemented for estrus detection as well as overall health.  

 Activity monitor data have proven useful for detecting lameness based on changes in 

standing and lying time, lying bout frequency and duration, as well as intensity of motion 

indexes (proprietary algorithms) and step counts. Incorporation of multiple modalities, such as 

rumination activity, bunk attendance systems, or kinetic/kinematic variables, along with 

production parameters (e.g. milk weight), improves the accuracy of these systems to detect 

lameness.  

Mazrier et al. (2006) evaluated whether a reduction in pedometer activity based on 

individualized baseline activity would be capable of detecting lameness in free-stalled dairy 

cows under field conditions.516 An arbitrary threshold for reduced pedometer activity was set at 

5% and baseline activity defined as the average daily activity for 10 d before lameness 

detection.516 Of the cows demonstrating a 5% decrease in pedometer activity, 45.7% developed 

clinical lameness within 7 – 10 d, whereas the other 54.3% did not develop evidence of lameness 

or other disease (representing false positives).516 For cows with both decreases in pedometer 

activity and clinical lameness, 92% had decreases in pedometer activity greater than 15%.516 

However, the insensitivity of using step counts alone was highlighted by 44.7% of clinical 

lameness diagnoses on farm represented false negatives, as these cows did not demonstrate 

reductions in pedometer activity.516  

 Based on activity data from four commercial dairy farms, Thorup et al. (2015) 

demonstrated significant differences between lame and non-lame cows that paralleled increases 

in lameness severity.517 Based on single activity variables, total acceleration while walking 

(motion index) and walking duration allowed the detection of mild lameness, whereas changes in 
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lying duration only became evident at higher lameness scores.517 In addition to moderately-

severely lame cows increasing lying duration by 40 min/d, they also demonstrated increased 

restlessness during standing based on the motion index parameter.517 Importantly, a large amount 

of individual variation in activity parameters was present, especially in severely lame cows517, 

similar to the findings of Alsaaod et al. (2012).518 Collectively, this reinforces the suggestion that 

detecting derivations in activity may be better served by individualized baseline activity. 

Likewise, Yunta et al. (2012) evaluated accelerometer-based data from 10 free-stall commercial 

dairy herds under similar management and feeding regimes using a mixed-effect model.519 Lame 

cows demonstrated increases in lying bout duration, whereas total daily lying time, number of 

lying bouts, or laterality were not affected by lameness.519 Interestingly, a relationship between 

the time to standing up and lying down relative to feed delivery was different between lame and 

non-lame cows, with lame cows standing 13 min later (P < 0.05) and laying down 19 min earlier 

(P < 0.05) after feed delivery.519   

 Westin et al. (2016) report similar changes in lying behavior in lame cows managed with 

automated milking system (AMS).520 On 36 United States and Canadian dairies utilizing AMS 

and activity-monitors, lame cows in general spent 0.6 h/d increase in lying time, in fewer, longer 

lying bouts compared to sound cows, although large variations in lying time between individual 

cows was noted.520 Importantly, increased lying time was also associated with increased parity, 

later stage of lactation, and higher body condition score.520 Alsaaod et al. (2012) report use of 

accelerometer and pedometer activity data with machine learning data analysis methods for 

lameness detection.518 Important findings included small differences in activity between lame 

and sound cows, with use of absolute values and thresholds insufficient for lameness 

prediction.518 In addition, the differences between individual cows was very high compared to 
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the difference between the means of lame and non-lame days of the same cow, such that changes 

in step frequency due to lameness were not predictable between cows – e.g. daily step count 

increased for 6 cows, whereas it decreased in 5 cows.518 Rather, deviation from normal behavior 

yielded better accuracy than absolute values.518 Similarly, De Mol et al. (2013) utilized the 

usefulness of day-to-day behavior variation as a means to detect derivation from normality for 

the detection of lameness.521 Based on behavioral activity indices, concentrate intake, and milk 

yield, a dynamic linear model was generated for the detection of lameness in loose-housed dairy 

cows, managed using an AMS.521 The overall sensitivity was 85.5% and specificity of 88.8%.521  

Chapinal et al. (2009) evaluated changes in gait scores, walking speed, and lying 

behavior associated with hoof pathologies in lactating Holstein cows.522 Numerical rating scores 

(NRS, i.e. a gait score based on 7 gait attributes) were correlated with head bob, tracking, joint 

flexion, asymmetric steps, and reluctance to bear weight; as well, these gait variables were 

correlated with one another. However, the reluctance to bear weight was the only variable found 

to be a predictor of sole ulcers in final stepwise modeling of the parameters (R2 = 0.11, P = 

0.02). A NRS threshold of 3.0 had sensitivity, specificity, and accuracy values of 85, 38, and 

49%, respectively. Whereas a threshold of 3.5 had a sensitivity, specificity, and accuracy of 54, 

70, and 66%, respectively. Changes in NRS were predictive of ulcer development at least 4 

weeks before the ulcer was clinically visible, and increases in NRS were apparent for a minimum 

of 4 weeks after ulcer diagnosis in peripartum cows.522 Walking speed was negatively correlated 

with NRS and gait attributes, however, walking speed did not differ across hoof health categories 

(e.g. normal, sole hemorrhages, digital dermatitis, and sole ulcers). Lying activity, as quantified 

using accelerometer-based data, demonstrated increased duration of lying bouts and resultant 

higher daily lying time in cows with sole ulcers compared to all other hoof health categories.522  
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Nechanitzky et al. (2015) evaluated the suitability of several automated measures to 

assess altered behavior in cows associated with unilateral hind limb lameness.523 Measures 

included weight distribution, feeding behavior at night, heart rate activity, as well as standing 

and lying behavior at night. Pertaining to accelerometer activity, lame cows spent significantly 

more time lying and less time standing and walking (P = 0.049). The number of lying bouts did 

not differ between sound and lame cows, and thus lying bout duration contributed to the increase 

in lying time in lame cows. When comparing the different modalities, the weight platform data 

was superior to accelerometer-based data in distinguishing lameness.523   

 Van Hertem et al. (2013) developed a mathematic model to detect lameness based on 

existing sensor data on a commercial dairy farm.524 All cows were fitted with a neck collar tag 

(HR-Tag, SCR Engineers, Ltd.)l used for automated heat detection, which quantified neck 

movements and rumination. Also included in the model was the performance variable milk yield 

and classification of health status was dichotomous, i.e. sound or lame. Milk yield 4 days before 

the diagnosis of lameness demonstrated the highest correlation of all variables. For activity data, 

sound cows had higher neck activity during the day compared to lame cows, resulting in a lower 

night to day ratio of neck activity. The 7-d average of the night period to day-period neck activity 

ratio was significantly lower for lame cows (P < 0.001). Seven variables were retained in the 

model, with a reported sensitivity, specificity, and accuracy of 89%, 85%, and 86%, respectively, 

for the detection of lameness.524 Thus, exploitation of preexisting activity data used for estrus 

detection on-farm, combined with production data, was successful in the detection of lameness. 

Similarly, combining the monitoring modalities of accelerometer activity and noseband sensors, 

Beer et al. (2016) demonstrated the parameters of standing bouts and walking speed of greatest 

utility for lameness detection, with a model sensitivity and specificity of 90.2 and 91.7%, 
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respectively.525 Rumination-related activity of lame cows included significant reductions in 

eating and rumination time, fewer chewing movements during eating and ruminating, and a 

decrease in the number of rumination boluses.525 Locomotion activity changes associated with 

lameness included increased lying time and lying bout duration, decreased standing time, fewer 

standing and walking bouts, as well as slower, shorter strides and a slower walking speed.525    

 Similar to the detection of BRD and periparturient diseases in beef and dairy cattle, 

respectively, the use of accelerometer based activity data demonstrates the ability to detect 

lameness. The increasing use of activity monitors and other modalities on dairy farms will 

facilitate the continued improvement of algorithms for the detection of disease, including 

lameness, under commercial conditions. Further research efforts are needed in the various beef 

cattle sectors, as the majority of research evaluating remote monitoring technologies has taken 

place in housed dairy cows. Feedlot conditions are conducive to the implementation of remote 

technologies, as these animals are intensively managed and housed in confined pens. However, 

research is strikingly limited under extensive pasture conditions in both beef, and to a lesser 

extent dairy, as the placement and retention of monitors, as well as the timely retrieval of data 

can be challenging under such conditions. However, cow-calf and stocker/backgrounding 

operations represent a vital and large portion of the beef cattle sector. Exploration of practical 

and economically important implementation of remote monitoring technologies needs to be 

further explored in these sectors, since management of well-being and health impact the cattle 

industry at large.  
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Table 1. Acute phase proteins in cattle 

Acute phase protein  Category  Concentration during  
Health  

Concentration during  
Acute phase reaction  

Reference  

Haptoglobin (Hp)  Major  <0.1 g/l  
 
 
32.8 ± 20.0 (serum, 
±SEM); 1.8 ± 0.4 
(milk, ±SEM) μg/ml  
<0.1 mg/ml  
1.17 ± 0.07 mg/dl 
(±SE)  
 
0.08 ± 0.03 g/L (±SD)  
0.79 ± 0.06 g/l (serum); 
0.061 ± 0.01 g/l (milk)  

1.62 ± 0.47 g/l (±SEM)  
1.26 ± 0.66 mg/ml 
(±SD) 
 
317.7 ± 37.5 (serum, 
±SEM); 152.2 ± 22.6 
(milk, ±SEM) 
>1.25 mg/ml    
21.71 ± 3.32 mg/dl 
(±SE)  
2.95 – 4.96 mg/dl  
1.31 ± 0.52 g/L (±SD)  
1.89 ± 0.16 g/l (serum); 
0.53 ± 0.01 g/l (milk) 
subclinical mastitis  
2.71 ± 0.21 g/l (serum); 
0.99 ± 0.02 g/l (milk) 
clinical mastitis  

116 
128 
 
 
121*  
 
 
216^ 
213 
 
184$ 
207! 
191 
 

Serum amyloid A 
(SAA)  

Major 1.3 ±0.4 mg/l (±SEM)  
 
 
<0.3 μg/ml  
8.89 ± 0.72 μg/ml 
(±SE)  
4.49 ± 0.57 μg/ml 
(±SD)  
34.6 ± 3.92 mg/l  

115 ±37 mg/l (±SEM)  
4000 - >15,000 μg/ml 
(range)  
73.2 – 298.2 μg/ml 
(range)  
22.19 ± 0.85 μg/ml 
(±SE)  
179.5 ± 67.7 μg/ml 
(±SD) 
151.61 ± 17.6 mg/l 
(subclinical mastitis); 
189.72 ± 29.3 mg/l 
(clinical mastitis)   

136 
195# 
 
526& 
 
213 
 
207! 
 
191 

Mammary serum 
amyloid A3 (MSAA3)  

Major  <0.3 mg/l  
 
267.5 ± 154.1 μg/ml 
(colostrum, ±SEM) and 
2.63 ± 3.47 μg/ml 
(milk, ±SEM)  
9.7 ± 0.1 μg/ml  
13.6 ± 1.62 mg/l  

23; 4.4 – 103 mg/l 
(median; range)  
 
 
 
 
24.6 ± 5.1 μg/ml 
22.41 ± 4.6 mg/l 
(subclinical mastitis); 
36.19 ± 3.9 mg/l 
(clinical mastitis)  

137 
 
142 
 
 
 
141 
191 
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Acute phase protein  Category Concentration during 
Health 

Concentration during 
Acute phase reaction  

Reference 

Alpha1-acid 
glycoprotein (AGP)  

Moderate  0.2 – 0.45 g/l  1.1 ± 0.44 g/l (±SD)  
377.1 ± 24.64 mg/l 
(±SE)  
580.0 ± 91.17 mg/l 
(±SE)  

527 
186 
 
186† 

Lipopolysaccharide 
binding protein (LBP)  

Moderate  1.7 ±0.3 g/l  11 ± 12 g/l (±SEM)  
6.3 ± 0.72 mg/l (±SE)  
13.5 ± 3.29 mg/l (±SE)  

155 
186 
186† 

Fibrinogen  Moderate 2.08; 1.58 – 2.94 g/l 
(median; range)  
<200mg/dl  
1.40 ± 0.17 g/l (±SE)  
<6 g/l  
206.0 ± 64.8 mg/dl 
(±SD)  
2.2 ± 0.18 g/l (milk)  

2.79; 2.13 – 5.0 g/l 
(median; range)  
>400mg/dl  
3.97 ± 0.22 g/l (±SE)  
7 – 15 g/l (range)  
518.9 ± 117.4 mg/dl 
(±SD)  
7.89 ± 0.81 g/l 
(subclinical mastitis); 
8.73 ± 1.22 g/l (clinical 
mastitis)  

528 
 
216^ 
213 
177@ 
207! 
 
191 

Albumin  Negative 35 ± 1 g/l (±SEM)  34 ± 1 g/l (±SEM)  102 

 

* 12-h post-LPS challenge 

^ Day 3 post Mannheimia hemolytica vaccination  

$ Range of concentrations of calves treated 1, 2, and 3-times for BRD during the first 21 DOF  

! Traumatic reticuloperitonitis (n = 53) reported for acute phase reaction  

† Presence of Pasteurella multocida on tracheobronchial lavage fluid (n = 12), total 84 calves 
with respiratory disease in Nikunen et al. (2007)  

# 48-h measurement in increasing severity scores of mastitis  

& Range of SAA in cows (n = 10) with chronic inflammation  

@ Range of peak fibrinogen concentrations in calves (n = 6) inoculated with BVDV and 
Mannheimia hemolytica (estimated from graph in publication)  
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Table 2. Bovine acute phase protein profiles described in various disease states  

Disease or Condition  Acute phase proteins 
assayed   
 

Reference  

Peripartum period   Hp, CRP, Fb  
Hp  

107 
108 

Lactation   Hp, CRP, Fb  
Hp, SAA  
Hp, M-SAA3, CRP  
Ceruloplasmin  

107 
108,139,529 
110,530 
112 

Neonatal period  Hp, SAA, LBP, AGP 
Hp, SAA, Fb  
Hp, SAA  

104 
109,220 
106,111,223,531 

Pasteurella multocida challenge   Hp, SAA, AGP  
Hp  

226 
228&  

Mannheimia hemolytica challenge   Hp, AMPs, inter-ɑ-trypsin 
inhibitor  
Hp  
Hp, SAA, Fb 
Hp, Hp-MMP9 

176 
 
188$ 
177 
178 

Bovine viral diarrhea virus 
challenge  

Hp, SAA, Fb  177,179,181,182 

Bovine respiratory syncytial virus  Hp, SAA  
Hp, SAA, LBP, AGP  

227 (challenge)  
187 (natural disease)  

BRD – natural disease   Hp, SAA  
Hp  
Hp, LBP, transferrin  
Hp, Fb, ɑ2- and γ-
globulins, albumin  
Hp, SAA, LBP, AGP, Fb  

183 
184,222,225,228 
185 
235 
 
186 

Mastitis – experimental challenge 
models 

Hp 
Hp, SAA  
Hp, SAA, LBP  

230 
229,231 
232 

Mastitis – natural disease  SAA, M-SAA3  
 
Hp, milk Hp, SAA, M-
SAA3  
LBP  

191,532 (subclinical); 190,191 
(clinical)  
192 (subclinical)  
 
193 

Metritis – natural disease  Hp  116,196,197 
Endometritis – natural disease  Hp, SAA  198-200 
Chronic inflammatory conditions  Hp, SAA  

Hp-MMP9  
Hp, SAA, AGP 

533,534 
133 
527 

Metabolic disease Hp, SAA  
Hp 

208 
113,197,210,211 
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Disease or Condition  Acute phase protein 
assayed  

Reference  

Surgical disease  Hp, SAA  
Hp, SAA, Fb  

208,209 
207 

Lameness – claw lesions  Hp  
Hp, SAA  
Hp, SAA, CRP, Fb  

214 
212 
213 

Vaccination  Fb, ceruloplasmin  
Hp  

216,217 
218 

Transportation  Hp  
Hp, ceruloplasmin  
Hp, SAA 

71* 
535,536 
537 

Weaning  Hp, SAA, Lactoferrin  
Hp, Fb  

538 
189,539-541 

Castration  Hp, ceruloplasmin  542 
 

& BHV-1 and P. multocida challenge model  

* preconditioning programs, weaning, and transport  

# weaning & transport  

$ Mannheimia hemolytica model included effect of exposure to PI-BVDV  
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Product and Manufacturer Information 
ahttp://www.destronfearing.com/equine.php 
bhttps://www.embeddeddatasystems.com/  
chttp://www.fevertags.com/   
dhttps://www.smaxtec.com/en/   
ehttps://www.ecow.co.uk/  
fhttp://americancalan.com/  
ghttp://www.growsafe.com/  
hhttps://www.lely.com/the-barn/feeding/cosmix/  
ihttp://www.sacmilking.com/  
jhttp://en.nedap-livestockmanagement.com/  
khttp://www.msr.ch/en/product/special_data_logger/rumination_sensor/  
lhttp://www.scrdairy.com/   
mhttps://www.lely.com/us/the-barn/milking/astronaut-a4/  
nhttp://www.icerobotics.com/  
ohttps://smartbow.com/en/solutions/wiederkaeu-ueberwachung.html  
phttps://www.cowmanager.com/en-us/  
qhttp://www.milkline.it/  
rhttps://www.cowmanager.com/en-us/  
shttps://www.delaval.com/en-us/  
thttps://www.agriculture-xprt.com/products/afiact-model-ii-cow-heat-detection-leg-tag-384463  
uhttp://www.isense.farm/  
vhttps://equinosis.com/  
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ABSTRACT 

Identification of illness and changes in behavior associated with morbidity through the 

use of remote data acquisition technologies, such as accelerometers, is an important area of on-

going research for the cattle industry. Behavioral changes during continuous, low-dose 

lipopolysaccharide (LPS) administration in beef calves were objectively quantified using 

accelerometers, along with traditional markers of inflammation in a subclinical endotoxemia 

model. Osmotic mini-pumps (OMP) were placed subcutaneously in 20 conventionally-weaned 

beef calves in order to deliver 30 µg/(kg·d) of E. coli O55:B5 endotoxin (n = 10) or saline (n = 

10) for 7 d. Rectal temperature, fibrinogen, albumin, and platelets were higher and BW lower in 

endotoxin-treated calves compared to control animals during the study period consistent with the 

presence of subclinical endotoxemia. Baseline and changes in behavioral indices during and 

subsequent to LPS-infusion were captured continuously throughout the 28-d study via an 

accelerometer affixed to the right hind limb of each calf. Mean baseline values for behavior 

indices were determined for 7-d prior to treatment with changes in behavior determined by 

expressing control and treatment values for the subsequent 21-d as a ratio of mean baseline 

values.  Changes in behavior were observed within both treatment and control groups, relative to 

their respective baselines, with LPS-infused calves spending less time lying (d 11), increased 

time standing (d 11), and increased time spent walking (d 7, 11, and 14); whereas, saline-infused 

calves had decreased time lying (d 7, 9 to 11, 14 to18, and 20), increased time standing (d 0, 5, 7 

to 20), and increased time spent walking (d 0, 7, and 14). Comparison of behavioral indices 

between groups demonstrated significant differences in all 3 behavioral indices. LPS-infused 

calves spent significantly more time lying (d 9, 12, 14, and 18), less time standing (d 9, 10, 12 to 
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20), and more time walking (d 15). The application of subcutaneously placed OMP to deliver 

exogenous LPS were well tolerated in calves, with successful elicitation of an acute phase 

response. Accelerometers demonstrate potential usefulness and sensitivity for the remote 

monitoring and detection of sickness behaviors in calves experiencing mild endotoxemia.   

INTRODUCTION 

 During endotoxemia caused by gram-negative bacterial lipopolysaccharide (LPS), the 

host responds in an orchestrated series of events comprising the acute phase response 

(APR).16,543 Characterization of physiological parameters and changes in inflammatory cells, 

pro-inflammatory cytokine expression, and acute phase proteins (APP), including haptoglobin, 

following IV LPS in cattle has been extensively reviewed.544,545 The stereotypical sickness 

behaviors clinically recognizable during an APR include fever, lethargy, reduced feed intake, 

and weight loss.18,24,50,546 Detection of illness in cattle relies heavily on subjective assessment, 

which is reported to have low diagnostic sensitivity and specificity.237 Analysis of cattle behavior 

independent of human observation for the identification of morbid cattle earlier in disease onset 

is a growing area of interest in the cattle industry. Remote monitoring systems have 

demonstrated the capability of identifying morbid cattle under experimental and naturally 

occurring disease conditions, often predictive of illness before clinical signs are 

observed.83,300,301,335,336,361,410 The objective of the present study was to assess the capabilities of 

accelerometers to objectively quantify changes in behavior during an APR in cattle administered 

continuous, low-dose LPS in a subclinical disease model. Behavior responses were evaluated in 

conjunction with traditional markers of inflammation, allowing further refinement of the impact 

of continuous, low-dose LPS administration on cattle behavior, and the validity of remote 

monitoring devices for the detection of subtle sickness behaviors in subclinical endotoxemia.  
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MATERIALS AND METHODS 

Experimental Design 

 All procedures were approved by the Auburn University Institutional Animal Care and 

Use Committee (PRN 2011-2027). Twenty conventionally weaned, BVDV test-negative, mixed-

breed beef calves that weighed between 162 and 200 kg were utilized in this study. Calves were 

weaned and castrated 60 d prior to study initiation and were maintained as 1 group on a 

biosecure pasture at the North Auburn Beef Unit (NABU). Calves were randomly assigned to 

CON (control, saline-infused, n=10) or LPS (treatment, LPS-infused n=10) by means of a 

random number generator (Microsoft Excel 2010, Redmond, WA). Calves were acclimated to 

the study pasture for 14 d prior to study initiation and both groups of calves were housed 

together on a 1-ha biosecure pasture throughout the 28-d trial at NABU. Water and Bermuda 

grass hay were provided ad libitum, and a 12% protein concentrate was fed once daily at a fixed 

time (0500 h) to allow for clinical score assessment. Otherwise, human observation and activity 

in the vicinity of the pasture were restricted to minimize the effect of human activity on the 

behavioral data collected.    

 The health of each calf was evaluated by 1 veterinarian (JEB) daily when the protein 

concentrate was fed. This veterinarian devoted a minimum of 30 min for evaluation of the health 

of the group and visually observed and assigned each calf a CIS on a scale of 1 to 4 (CIS; 1 = 

clinically normal, 2 = slightly ill, 3 = moderately ill, and 4 = severely ill) as previously described 

462. Implant sites were visually assessed for degree of swelling, dehiscence or presence of 

exudate. For any calf assigned a CIS of 3 or 4, a physical examination was performed and 

treatment was administered in accordance with the standard health protocols for the research 

facility. On d -7, calves were restrained in a chute, examined, and an accelerometer and 
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pedometer were attached to the right hind leg of each animal to continuously monitor activity 

throughout the 28-d trial. Subsequently, calves were restrained in a chute and examined at 7-d 

intervals (d -7, 0, 7, 14, and 21) in order to minimize periods of altered behavior as a result of 

restraint. Baseline behavior data were collected beginning on d -7.  

 On d 0, all calves were implanted with two osmotic mini-pumps (OMP; ALZET 2ML1 

Osmotic Pump; Durect Corporation, Cupertino, CA) in order to continuously deliver low-dose 

LPS in adaptation of a model of systemic inflammation in sheep 547 and camelids 548. Briefly, the 

calf was restrained in a chute and a 10 cm x 10 cm area was clipped and aseptically prepared 

over the left 8th to10th ribs, approximately 10 cm below the level of the transverse processes. 

Local analgesia was provide using 10 mL of 2% lidocaine hydrochloride. A 3 cm vertical 

incision was made and the subcutaneous tissue bluntly undermined to create a pocket of 

sufficient size for subcutaneous placement of 2 OMP. The skin incision was closed with skin 

staples. Each calf was implanted with 2 OMP, which were filled according to manufacturer 

instructions to deliver 10 µL/h volume for 7-d duration. Endotoxin (E. coli O55:B5, Sigma-

Aldrich, St. Louis, MO) was delivered at a dose of 30 µg/(kg·24 h) (LPS, n=10) or physiologic 

saline alone (CON, n=10). Body weight determined on d -7 was used to calculate amount of 

endotoxin to be mixed and loaded into individualized OMP for each calf in order to deliver 30 

µg/(kg·24 h). On d 7, the pumps were removed, using a similar protocol of site preparation, local 

anesthesia, and skin closure as described above.    

 On ds -7, 0, 7, 14, and 21, physical examinations were performed and blood was 

collected. Jugular venipuncture was performed for complete blood cell counts and serum 

biochemistry, with the collection of 20 mL whole blood in evacuated tubes containing the 

anticoagulant sodium EDTA and into tubes without anticoagulant, which were centrifuged (1200 
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x g, 30 min, room temperature) and serum removed. Haptoglobin concentrations were 

determined in samples collected on d 0 and 7.  

Accelerometer-based behavior assessment 

 Commercially manufactured accelerometers (GP1 Programmable Accelerometer, Sensr 

Company, Elkander, IA), consisting of a tri-axial capacitance type +/- 10g integrated-circuit 

were attached to the lateral aspect of the right rear leg just proximal to the metacarpophalangeal 

joint in accordance with methods used in previous studies. 414,463 The accelerometer system 

consists of the GP1 SENSR unit contained inside a waterproof case which is padded and 

strapped to the leg using Velcro straps. The entire system weighs approximately 0.5 kg. The 

accelerometers contain two AA lithium batteries and 1 Mb data storage, so data can be collected 

continuously for a period of 7 d. Weekly downloading of data was based on a user-defined 

reporting interval (epoch) of 5 s and a memory storage capacity of 1 megabyte. Commercial data 

mining software (Insightful Miner, Insightful Corporation, Seattle, WA) was used to transform 

data into a uniform structure for comparison and analysis. As previously validated414, individual 

animal behavior at each data point (epoch) is categorized as walking, standing, or lying. Data 

recorded by the accelerometers were downloaded on d 0, 7, 14, and 21 following removal of the 

mounting apparatus and accelerometer from the limb of restrained calves. The accelerometers 

were removed from the apparatus and connected to a laptop via a universal serial bus cable, and 

the data were downloaded from the accelerometers to the computer. Then, the accelerometer was 

replaced within the mounting apparatus and reaffixed to the limb of the calf. Behavioral data 

collected for 0.5 h before and 1 h after feeding and handling procedures were removed from 

analysis, as this potentially introduced bias into the data because handling directly influences 

behavior.  
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Clinical Pathology 

Complete blood cell counts and serum biochemistries were performed using routine 

laboratory methods by the Clinical Pathology service of the College of Veterinary Medicine at 

Auburn University. Serum aliquots were frozen at -80° C following each blood sample collection 

for haptoglobin analysis. Haptoglobin concentrations were determined in sera using a 

commercially available colorimetric assay as instructed by the manufacturer (Phase Haptoglobin 

Assay, Tridelta Development Ltd., Maynooth, CO Kildare, Ireland). The analytical sensitivity of 

this multi-specific test, as given by the manufacturer, is 0.005 mg/mL of haptoglobin. Briefly, 

7.5 µl of sample or calibrator standards were added in duplicate to wells of 96-well microtiter 

plates. Five minutes subsequent to addition of both reagents, the optical density of each well was 

determined by a microplate reader at 615 nm wavelength. 

Data Analysis 

Sample size computation and power analysis was performed by software program 

(G*Power 3.1.2, Heinrich Heine University Dusseldorf, Dusseldorf, Germany). Power and 

sample size calculations were performed by using the a priori function for proportional testing 

549.  The following assumptions were made: the probability of a type I error was chosen as α = 

0.05, desired power was set to at least 0.90, number of groups = 2. The assumed proportion of 

walking for the control group was 0.2 and for the LPS group was 0.1. The calculated total sample 

size based on described assumptions was 16 calves (n = 8 per group), and calculated power was 

0.95. To account for potentially missing data points due to data loss with improperly positioned 

accelerometers or the need to discard data during unforeseen handling events, 10 calves per 

group were included in this study.   
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 Clinical laboratory data were analyzed using mixed models procedures as implemented in 

commercial software (SAS® PROC GLIMMIX, version 9.2, SAS Institute Inc., Cary, N.C.), 

where treatment and time after treatment and interaction between treatment and time were 

considered to be fixed effects. Because the experimental design had a repeated nature, we 

modeled the residual covariance structure comparing likely models such as unstructured and 

first-order autoregressive; the best-fitting model was chosen on the basis of the corrected 

Akaike’s Information Criterion. Treatment groups were compared at each time point because 

there was a significant interaction.  

 For accelerometer data, the average cumulative daily activity for each group during d -7 

to -1 was used as the baseline value in the analysis; control or LPS-infusion started on d 0. 

Cumulative daily activity for each trial date was converted to a ratio with the baseline value as 

denominator. Generalized mixed models procedures with a lognormal distribution function as 

implemented in commercial software was used to analyze the data; treatment and time after 

treatment and time interaction were considered to be fixed effect. Because the experimental 

design had a repeated nature, we modeled the residual covariance structure comparing likely 

models such as unstructured and first-order autoregressive; the best fitting model was chosen on 

the basis of the corrected Akaike’s Information Criterion. Least squares means and confidence 

intervals were back-transformed to the original scale. Because the natural log of one equals zero, 

the standard output in commercial software, which tests whether a given mean is significantly 

different from zero, effectively tests whether the activity on a given day differs significantly 

from the baseline. Pairwise contrasts between CON and LPS were calculated for each trial day.  

Baseline data from calves demonstrating extreme values for each behavioral index (percentage of 

time spent walking, standing, or lying) were discarded from data analysis. To accomplish this, 



115 
 

individual calf behavior over the 7-d baseline period were evaluated in relation to the baseline 

behavior data from cohorts. Data were removed prior to analyses if an individual calf’s baseline 

behavior data for any of the 3 indices (walking, standing, or lying) were greater than 3 SD away 

from the mean of the cohort.  

RESULTS 

Clinical Illness Scores (CIS) 

 All calves were clinically normal (CIS 1) during the 7 d prior to OMP placement. Mild 

clinical illness (CIS 2) was observed in one LPS calf on d 1 after OMP placement. All calves 

scored a CIS of 1 thereafter for the remainder of the 28-d study. No animal required treatment for 

clinical illness during the 28-d period. A right forelimb lameness (2/5) was observed in 1 CON 

calf starting on d 1, which progressively improved and had resolved by d 3; data from this calf 

were included in all analyses as it did not deviate from the baseline behavior of the group. No 

skin lesions or lameness associated with accelerometer placement were observed in any of the 

calves throughout the study.  

Physical examination and clinicopathological findings  

 Osmotic mini-pump placement was well tolerated by all calves, with no significant 

swelling, dehiscence or discharge noted from surgical implantation sites from d 0 – 7. Although 

no dehiscence or purulent exudate were observed at OMP implant sites, mild swelling of the 

OMP site was observed in several calves. Starting on d 8, one d after OMP removal, 2 LPS 

calves displayed mild swelling, with resolution in one calf the following day. The other calf 

demonstrated mild swelling of the site until d 18 of the trial. An additional LPS calf developed 

very mild swelling on d 11, which persisted until d 13. Three CON calves developed very mild 
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swelling which lasted in duration for one d (d 12 and 13, respectively) and two day (d 17 and 

18). No dehiscence or suppurative exudate were observed in any of the calves for the duration of 

the study.   

 Rectal temperatures varied significantly between groups (P = 0.021) and over time (P < 

0.001) during the study, but a significant treatment by day interaction was not detected (P = 

0.136). In LPS calves, significantly elevated rectal temperatures were observed on d 21 

compared to CON calves (40.2°C vs. 39.8°C, respectively; P = 0.0061). LPS calves tended to 

exhibit increased rectal temperatures on d 7 compared to CON calves (40.1⁰C vs. 39.8⁰C, 

respectively; P = 0.0647). On d 21, significantly greater BW were observed in CON calves 

compared to LPS calves (225 kg vs. 215 kg, respectively; P = 0.0486). On day 7, a trend for 

greater BW in CON calves compared to LPS calves (206 kg vs. 197 kg, respectively; P = 

0.0728).  

 No significant treatment effects were found in total white blood cell counts, neutrophil 

count, lymphocyte counts, or serum iron concentrations between LPS and CON calves 

throughout the 28-d trial. Lymphocyte counts and serum iron concentrations varied significantly 

over time (P = <0.001 and 0.0004, respectively). Platelets were significantly higher in LPS 

calves on d 7 compared to CON calves (P = 0.018). A significant treatment by day interaction 

was observed for serum fibrinogen concentrations (P = 0.0039), with a greater increase in 

fibrinogen concentration from d 0 to d 7 in LPS calves, followed by a gradual decrease in both 

CON and LPS groups by d 21. Serum fibrinogen was significantly greater in LPS calves on d 7 

compared to CON calves (750 mg/dl vs. 550 mg/dl, respectively; P < 0.0001). Fibrinogen tended 

to be greater in LPS calves compared to CON calves on d 0 and d 14 (P = 0.072 and 0.070, 

respectively). Significantly lower albumin concentrations were found in LPS calves compared to 
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CON calves on d 0, 7, 14, and 21 (P = 0.007, < 0.01, 0.008, and 0.007, respectively). 

Haptoglobin concentrations varied significantly over time (P = 0.009), but not between groups.  

Behavior data  

 Behavioral data from one LPS calf was removed due to baseline walking behavior being 

greater than 3 SD from the LPS mean for baseline walking behavior. Data for the other behaviors 

from this calf was included in the other analyses. All behavioral data from all calves were 

included in data analysis following OMP implantation and removal, as all met inclusion criteria. 

Following the placement and subsequent removal of the OMPs, significant changes from 

baseline behavior in LPS calves included decreased time spent lying on d 11 (P = 0.028; Fig. 

1A), increased time spent standing on d 11 (P = 0.013; Fig. 1B), and increased time spent 

walking on d 7, 11, and 14 (P = 0.003, 0.045, and 0.016, respectively; Fig. 1C).  Following the 

placement and subsequent removal of the OMPs, significant changes from baseline behavior in 

CON calves included decreased time spent lying on d 7, 9 to 11, 14 to 18, and d 20 (P ≤ 0.002; 

Fig. 1A), increased time spent standing on d 0, 5, 7 to 20 (P ≤ 0.03; Fig. 1B), and increased time 

spent walking on d 0, 7, and 14 (P = 0.035, 0.003, and 0.014, respectively; Fig. 1C). A decrease 

in time spent walking compared to baseline behavior was observed in CON on d 15 (P = 0.041; 

Fig. 1C). Comparing changes from baseline behavior between groups, significant differences 

between CON and LPS calves were observed in all 3 behavioral indices. The time spent lying 

was significantly different on d 9, 12, 14, and 18, with CON calves spending significantly less 

time lying compared to LPS calves (P = 0.033, 0.036, 0.043, and 0.041, respectively; Fig. 1A). 

The time spent standing was significantly different on d 9, 10, 12 to 20, with CON calves 

spending significantly more time standing compared to LPS calves (P ≤ 0.044; Fig. 1B). The 

time spent walking was significantly different on d 15, with CON calves spending significantly 
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less time walking whereas LPS calves demonstrated a significant increase in the time spent 

walking (P = 0.038; Fig. 1C).  

DISCUSSION 

 The major objective of the present study was to assess the capabilities of remote 

behavioral data collection using accelerometers in cattle in a subclinical endotoxemia model. In 

contrast to previous IV bolus challenge models which induce moderate to severe clinical signs 

and pathological events545, the present study utilized osmotic mini pumps (OMP) to deliver a 

continuous, low-dose LPS infusion over several days. Use of OMP to deliver LPS resulted in 

detectable sickness behavior in LPS calves compared to CON calves. Calves in both groups 

demonstrated a change from their respective baseline behavior following OMP removal. LPS 

calves spent less time lying and increased time spent standing on d 11, and increased time 

walking on d 7, 11, and 14 compared to baseline. CON calves spent less time lying, more time 

standing, and increased time spent walking for the majority of days following OMP removal. A 

pen effect of treatment group is not expected to be present in this study as all calves were housed 

together on the same pasture. The trends observed in time spent lying, standing, and walking 

during the course of the study occurred concomitantly in both groups of calves, however, 

significant differences were observed between groups and likely represent the effects of LPS-

infusion.  

Comparison of behaviors demonstrated that LPS calves spent significantly more time 

lying and significantly less time standing compared to CON calves. The sickness behaviors 

observed in LPS calves in the present study are in agreement with previous experimental 

endotoxemia challenge studies. In a severe LPS challenge model (0.5 µg/kg BW, IV) in 4-wk old 

calves, marked behavioral changes included marked depression, complete anorexia, respiratory 
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distress, and recumbency.545 Worsening of clinical signs, predominantly the degree of 

depression, coincided with the onset of the febrile response, and resolution of sickness behaviors 

was observed at a minimum 6 h post-LPS administration.545  In a low-dose (0.025 to 0.05 µg/kg 

BW) LPS challenge study, 3-week old calves demonstrated measureable behavioral changes that 

preceded the onset of fever.550 Behavioral changes included decreased rumination, hay 

consumption, and grooming behavior. Although no changes in the overall time spent standing or 

lying were observed, a significant increase in inactivity exemplified by increased lying and 

standing bouts was found.550 Werling et al. (1996) and Steiger et al. (1999) utilized a prolonged, 

low-dose infusion of LPS (2 µg/kg BW, IV over 100 min) to produce an APR in heifers, more 

closely simulating naturally occurring gram-negative bacterial disease. Physiological and 

behavioral changes included reduced feed intake, increased body temperature, and marked 

metabolic changes in heifers, with maximal feed intake suppression observed at 4 h and which 

continued for 24 h post-infusion.551,552 Even lower doses of LPS administration, for example 10 

ng/kg in adult dairy cows, elicit acute onset of depression, anorexia, rumen hypomotility and 

diarrhea, highlighting the sensitivity of cattle to endotoxin.553 However, it is unlikely that the 

time course of changes in LPS concentrations in blood after IV bolus injection and the acute 

onset, short duration of clinical signs truly mirror the time course of naturally occurring disease. 

Continuous, low-dose LPS delivery to cattle using OMP is a viable option as shown in this study.  

The use of OMP in order to deliver a continuous, low-dose infusion of LPS to cattle as 

well as the characterization of behavior changes using remote, objective behavior monitoring 

technology in this LPS model is unique in its approach. The devices offer utility in the route of 

endotoxin delivery and uptake by the body, as they can be attached to indwelling intravenous and 

intraperitoneal catheters or directly implanted in the peritoneal cavity or subcutaneous tissue.554-
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559 Use of OMP allows characterization of the acute phase response to chronic LPS exposure 

without the severe clinical signs and APR associated with IV bolus administration of LPS, and 

more closely mirrors the conditions experienced under naturally occurring gram negative 

bacterial infection. Use of OMP has predominately been used in laboratory rodents, with limited 

application to larger livestock species.547,548 Recently, OMPs were utilized to deliver a 

continuous, low-dose LPS infusion to refine the current knowledge of inflammatory markers best 

suited to characterize the acute phase response in alpacas.548 The present study is unique in 

utilizing OMP in cattle, extending the time frame of LPS delivery even further than previous 

studies.  

One aim of the present study was to elicit an acute phase response by exogenous LPS 

administration while causing only subclinical to very mild clinical signs, in order define the 

ability of accelerometers to objectively quantify behavior changes under such conditions. Similar 

to the subclinical nature produced in alpacas548, the clinical scores of LPS-infusion calves in the 

present study remained normal throughout the study period. Observed changes in 

clinicopathological variables support the induction of an acute phase response in LPS calves. 

These included a significant increase in fibrinogen, which is considered a positive acute phase 

protein, on day 7, and a significant decrease in albumin, a negative acute phase protein, on d 7, 

14, and 21. In addition, LPS calves had significantly higher platelet counts compared to CON 

calves on d 7. However, the endotoxin challenge potentially was insufficient in its magnitude, as 

significant differences in white blood cell counts, serum iron, and haptoglobin were not observed 

between LPS and CON calves as expected.  

To evaluate the ability of accelerometers to detect sickness behavior, human 

observations, which alter cattle behavior, were limited to once daily clinical assessment and once 
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every 7 d for data retrieval and sample collection. Thus, lack of repeated sampling is a limitation 

of the present study and may account for the lack of detection in changes of peripheral white 

blood cells and serum biomarkers. White blood cell and acute phase protein changes during an 

acute phase response are transient and could have returned to baseline levels between d 0 and 7, 

going undetected in LPS calves, based on the limited weekly sampling interval. Alternatively, 

the dose of endotoxin delivered was conceivably too small to fully bring about a physiologically 

relevant APR. Although not feasible in the present study, further confirmation of successful LPS 

delivery to calves using OMPs could include the measurement of circulating endotoxin levels, as 

well as the quantification of residual LPS in OMPs upon their removal as these devices have not 

been previously validated for subcutaneous delivery of LPS in cattle. Determination of these 

factors in the future would further substantiate the use of OMPs to deliver continuous, low-dose 

LPS infusion in cattle. Surgical placement of OMPs in the subcutis were well tolerated in all 

calves throughout the infusion period and no long-term effects such as abscess formation or 

implantation site dehiscence were observed following their removal for the duration of the study 

period. Additional evidence that an endotoxemia was successfully achieved by OMP LPS-

delivery was the significant difference in BW observed at day 21, where LPS calves were 

significantly lighter compared to CON calves.  Changes in BW during or following short-term, 

intravenous bolus LPS administration has not always been a feature in previous studies. This 

most likely reflects a short duration of study observation, thereby minimizing the potential to 

detect  significant weight loss as well as the limited impacts of LPS administration on overall 

feed intake in calves in these studies.550,552 The present study was longer in duration, allowing 

quantification of LPS effects post-infusion, and potentially more similar to endotoxemia during 

gram negative bacterial infection under natural conditions. The present findings are in agreement 
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with those of Theurer et al., which found that calves challenged with Mannheimia haemolytica 

had significantly greater BW loss compared to control calves, spending less time at feed bunk, 

hay source, and water after inoculation.412  In part, weight differences in endotoxemic calves 

may reflect alterations in feed intake characteristic of sickness behavior and the resultant 

catabolic state during LPS-infusion, including a decrease in tissue protein accretion and 

increased amino acid catabolism to support APP synthesis, immune cells, and glucogenic 

precursors during inflammation.560   

The ability of accelerometers to detect subtle sickness behaviors in LPS-infused calves 

herein are also in agreement with previous studies which have utilized several different remote 

monitoring technologies to quantify sickness behavior. Following endoscopic pulmonary 

inoculation with Mannheimia haemolytica in which clinically detectable respiratory disease was 

evident, calves spent significantly more time lying and less time standing as determined by 

accelerometers, and took fewer steps following bacterial inoculation compared to baseline as 

determined by pedometers.462 Significant reductions in activity level, including proximity to feed 

bunks, and less distance traveled have been observed following intranasal inoculation of 

Mycoplasma bovis with the application of a remote location monitoring device.411 In a recent 

study by Bayne et al., subtle sickness behaviors following bovine viral diarrhea virus (BVDV) 

challenge were demonstrable through the use of accelerometers in a mild BVDV infection 

model, whereby BVDV-infected calves spent less time standing during the period of viremia.463 

However, the ability to distinguish infected and non-infected calves through the use of 

accelerometers was limited.463 Accelerometers have also recently demonstrated the ability to 

detect sick animals experiencing naturally acquired disease in a commercial field setting.464 
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These studies, along with the present results, demonstrate the ability of these remote activity 

monitoring technologies to detect sickness behaviors in cattle.  

 The present report demonstrates the potential usefulness and sensitivity of accelerometers 

for remote monitoring of sickness behavior in calves experiencing mild endotoxemia. The 

application of subcutaneously placed OMP were well tolerated in calves, successfully elicited an 

acute phase response while remaining subclinical in nature in LPS-infused calves.   
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Figure 1.  

Ratio of the mean time spent lying (A), standing (B), or walking (C) daily to baseline (mean time 

spent lying, standing, or walking during the 7 d before experimental infusion) for CON calves 

(control; saline-infused; n = 10; blue line, squares) and LPS calves (treatment; LPS-infused; n = 

10; red line, circles). LPS calves were administered E. coli O55:B5 endotoxin at 30 µg/(kg·24h) 

for 7 d by use of a subcutaneously placed osmotic mini-pump (OMP) on study d 0. A 

comparable volume of physiological saline was administered to control calves in a similar 

fashion. Removal of OMP occurred on d 7. The brackets delimit the range for each ratio on a 

given day. The values for CON and LPS calves represent the means for 10 calves. †Within a day, 

the mean time spent on the given behavior differs significantly (P < 0.05) from baseline for the 

CON group. *Within a day, the mean time spent on the given behavior differs significantly (P < 

0.05) from baseline for the LPS group. ‡Within a day, the ratio for the LPS group differs 

significantly (P < 0.05) from the CON group.  
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Chapter 3: Evaluation of behavioral changes in cattle using three-dimensional accelerometers 

during experimental infection with bovine viral diarrhea virus 
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Abstract  

Objective – To determine the ability of remote behavioral data collection via accelerometers in 

conjunction with conventional methods of clinical assessment and traditional markers of 

inflammation to detect changes in a low-virulent BVDV challenge model compared to non-

challenged controls.  

Animals – 20 beef steer calves (mean weight: 238 kg).   

Procedures – All calves were fitted with an accelerometer for remote continuous behavioral data 

recording (standing, lying, and walking). Calves were randomly assigned to 2 treatment groups 

(BVDV or sham inoculation). Behavioral data, rectal temperature, weights, and blood samples 

were collected on days -7, 0, 7, 14, 21, and 28. Subjective assessment was limited to once daily 

throughout the 35-day trial.  

Results – Total WBC and neutrophil counts were significantly lower in BVDV calves on day 7 

and 14 compared to controls. A significant decrease in lymphocyte counts in BVDV calves was 

observed on day 7.  No significant differences were observed between groups with respect to 

haptoglobin, fibrinogen, or serum iron.  Following inoculation, BVDV calves spent decreased 
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time walking and increased time lying and standing, compared to their baseline behavior, with 

the exception of decreased standing on day 8. Similar changes in lying and walking time were 

observed in control calves following sham-inoculation. Control calves spent less time standing 

compared to baseline behavior following sham inoculation. However, when contrasts were made 

between groups, BVDV calves were found to spend significantly less time standing on day 8 

post-inoculation compared to control calves.  

Conclusions and Clinical Relevance – Results indicate that, following low-virulent BVDV 

inoculation, changes in behavior did not differ between BVDV and control calves, but subtle 

changes and overall trends were demonstrable via accelerometers during the 35-day trial period.  

 

Abbreviation List 

BRD: Bovine respiratory disease 

BVDV: bovine viral diarrhea virus 

CIS: Clinically illness score 

EMEM: Eagle’s minimum essential medium 

PI: persistently infected 

Mb: Megabyte 

MDBK: Madin-Darby bovine kidney  

SD: Standard deviation 

TCID: Tissue culture infective dose 

VI: Virus Isolation 

VN: Virus neutralization 

WBC: White blood cells  
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Introduction  

Bovine respiratory disease continues to be one of the most important diseases of cattle 

and results in enormous financial losses. Bovine respiratory disease is a multifactorial disease 

and adverse management factors and different bacterial and viral pathogens contribute to the 

pathophysiology of disease. The role of BVDV in the causation of BRD is well documented, 

particularly as an immunosuppressive agent and potentiator of other BRD 

pathogens.561,562Immunosuppression results in both quantitative and functional alterations of the 

innate and adaptive immune systems.563-566The prevalence of PI cattle in feedlots on-arrival has 

been reported to be from 0.15% to 0.4%.561,567These PI cattle serve as a source for acute BVDV 

infection in cohorts. Acute infection with BVDV can cause a number of different disease 

syndromes, ranging from subclinical disease to peracute fatal diarrhea and reproductive 

failure.568 In addition to immunosuppression, BVDV’s role in BRD development can be due to 

pneumonitis and the development of clinical signs due to systemic inflammation and pneumonic 

damage.569  

Currently, detection of BRD relies upon subjective assessment of cattle, which is reported 

to have low diagnostic sensitivity and specificity.237 Cattle alter behaviors in the presence of 

human observers, and clinical signs of BRD may not be detected until significant pathology has 

developed. Efforts to identify BRD and predict its occurrence have utilized physical 

examination, auscultation of the lungs, and clinicopathologic measures of inflammation, 

including alterations in inflammatory cell counts and concentrations of acute phase proteins, 

such as haptoglobin.462 These diagnostics are invasive, expensive, and are subject to variability 

dependent upon the stage of disease. A delay in disease recognition hinders successful treatment 

outcomes and the appropriate use of therapeutics. 462 Furthermore, the inability to reliably detect 
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mild disease could lead to an underestimation of the production-limiting impact of sickness 

behavior in cattle.50  

Technological advancements in animal care allow remote collection of objective 

measures for a number of physiological parameters in cattle in real-time. Changes in body 

temperature, utilizing orbital thermography334-336 and remote rumen boluses301,302 were found to 

be predictive of disease onset in advance of subjective assessment parameters under field 

conditions. Analysis of cattle behavior independent of human observation as an aid in early 

disease detection has received increasing interest by the research community and cattle 

industries, but these technologies need further investigation. Research evaluating cattle 

behaviors, such as feeding and drinking have revealed a distinct relationship between those 

behaviors and unfavorable outcomes with respect to animal health.17,83 Cattle activities, such as 

standing, lying, feeding, and drinking, have been evaluated in their use for the identification of 

sickness in cattle.  Accelerometers are small and noninvasive devices that are used to objectively 

monitor animal behavior, with minimal impact on inherent behavior patterns and have been 

validated and used to describe behaviors in beef409,414 and dairy cattle,570 as well as dairy 

calves.420 Along with pedometers, as a measure of overall activity levels, accelerometers were 

utilized in different BRD disease models for the characterization of sickness behavior in 

cattle.411,412,462 In contrast to previous challenge models which induced moderately severe 

clinical signs and pathological effects, the main objective of the present study was to assess the 

capabilities of remote behavioral data collection using accelerometers in cattle inoculated with a 

low-virulent strain of BVDV in a subclinical disease model. Behavior responses were evaluated 

in conjunction with traditional markers of inflammation, allowing further refinement of the 
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impact of BVDV infection on cattle behavior, and the validity of remote monitoring devices for 

the detection of subtle sickness behaviors in subclinical BVDV disease.   

Materials and Methods  

Experimental Design―All procedures were approved by the Auburn University 

Institutional Animal Care and Use Committee (2011-2027). Twenty weaned, mixed-breed beef 

calves, weighing between 216 – 262 kg, were obtained from a single source and determined to be 

free of BVDV and exposure to BVDV by VI and VN testing, respectively. Calves had been 

weaned and castrated 60 days prior to the start of the study. Calves were sourced from a BVDV-

free research herd and maintained on a single biosecure pasture at the North Auburn Beef Unit 

prior to acclimation to study pastures and study initiation. Calves were randomly assigned to 

BVDV (n = 10 calves) or control (n = 10 calves) groups.  Calves were acclimated to their study 

pastures for 14 days prior to study initiation and were housed in 2.5 acre biosecure pastures at the 

North Auburn Beef Unit and North Auburn BVDV Unit, respectively, throughout the 35-day 

trial. Water and Bermuda grass hay were provided ad libitum, and a 12% protein concentrate was 

fed once daily at a fixed time (05:00) to allow for clinical score assessment. Otherwise, human 

observation and activity did not occur so as not to influence behavioral data collected.  For 

biosecurity reasons, the veterinarian responsible for clinical score assessment and feeding was 

not blinded to treatment group.  

At feeding time, the health of each steer was evaluated by a veterinarian, who devoted a 

minimum of 30 min/feeding to evaluate the health of each steer via visual inspection and assign a 

CIS (1 = clinically normal, 2 = slightly ill, 3 = moderately ill, and 4 = severely ill)462. If deemed 

necessary, a physical examination was performed on clinically ill steers and treatment was 

administered in accordance with the typical health protocols for the research facility (calves with 



132 
 

CIS of 3 or 4). On day -7, calves were restrained in a chute, examined, and an accelerometer was 

attached to the right hind leg of each animal to continuously monitor activity throughout the 35-

day trial. Subsequently, calves were restrained in a chute and examined at 7-day intervals (days -

7, 0, 7, 14, 21, and 28) in order to minimize periods of altered behavior as a result of restraint. 

Baseline behavior data were collected beginning on day -7. On day 0, control group calves were 

sham-inoculated, followed by the intranasal inoculation of the BVDV group calves with BVDV. 

All subsequent procedures were carried out with the handling of the control group before the 

BVDV group to prevent inadvertent exposure of controls to BVDV. On days -7, 0, 7, 14, 21, and 

day 28, physical examinations were performed and blood was collected. Jugular venipuncture 

was performed for complete blood cell counts and serum biochemistry. Haptoglobin 

concentrations were determined in samples collected on days 0 and 7. Virus isolation was 

performed on days 0, 7, 14, 21, and 28; VN on day 0 and 28. Data recorded by the 

accelerometers were downloaded on days 0, 7, 14, 21, and 28 following removal of the mounting 

apparatus and accelerometer from the limb of restrained calves. The accelerometers were 

removed from the apparatus and connected to a laptop via a universal serial bus cable, and the 

data were downloaded from the accelerometers to the computer. Then, the accelerometer was 

replaced within the mounting apparatus and reaffixed to the limb of the calf.  

Inoculation of calves―On study day 0, all calves were administered by intranasal aerosol 

administration either 106 TCID50 / mL of the BVDV 2 strain 134F for BVDV group calves or 

BVDV-free media for control group calves. The noncytopathic BVDV 2 strain 134F had been 

previously used by the investigators and was demonstrated to induce mild clinical disease. The 

BVDV strain was propagated in MDBK cells in EMEM,a supplemented with 10% equine 

serum,b L-glutamine,a penicillin Ga (100 units/ml), and streptomycina (100µg/ml). Virus was 
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harvested from cells by a single freeze-thaw method, aliquoted and stored (-80°C) until needed. 

The viral titer was enumerated prior to inoculation of calves.571 For inoculation, an intranasal 

cannula was inserted in each nostril of the calf and a volume of 2 mL per nostril of instillation 

containing virus or BVDV-free media was given.  

Accelerometer-based behavior assessment―Commercially manufactured 

accelerometers,c consisting of a tri-axial capacitance type +/- 10 g integrated-circuit were 

attached to the lateral aspect of the right rear leg just proximal the metacarpophalangeal joint in 

accordance with methods used in previous studies409. The accelerometer system consists of the 

accelerometer unit contained inside a waterproof case which is padded and strapped to the leg 

using Velcro straps. The entire system weighs approximately 0.5 kg.  The accelerometers contain 

two AA lithium batteries and 1 Mb data storage, so data can be collected continuously for a 

period of 7 days. Weekly downloading of data was based on a user-defined reporting interval 

(epoch) of 5 seconds and a memory storage capacity of 1 Mb. Commercial data mining softwared  

was used to transform data into a uniform structure for comparison and analysis. As previously 

validated,409 individual animal behavior at each data point (epoch) is categorized as walking, 

standing or lying. Accelerometer data were continuously collected and downloaded at 7 day 

intervals, which entailed handling and restraint of the cattle on days 0, 7, 14, 21, and 28. 

Behavioral data collected for 0.5 hours before and 1 hour after feeding/handling procedures were 

removed from analysis, as this introduces bias into the data because handling directly influences 

behavior.  Clinical Pathology―CBC and serum biochemistries were performed using routine 

laboratory methods by the Clinical Pathology service of the College of Veterinary Medicine at 

Auburn University. Serum aliquots were frozen at -80° C following each blood sample collection 

for haptoglobin analysis following conclusion of the experiments. Haptoglobin concentrations 
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were determined in sera using a commercially available colorimetric assay as instructed by the 

manufacturer.e The analytical sensitivity of this multispecific test, as given by the manufacturer, 

is 0.005 mg/ml of haptoglobin. Briefly, 7.5 µl of sample or calibrator standards were added in 

duplicate to wells of 96-well microtiter plates. Five minutes subsequent to addition of both 

reagents, the optical density of each well was determined by a microplate reader at 615 nm 

wavelength. 

Virus neutralization―The standard VN microtiter assay was used to detect antibodies in 

the serum of calves.  After heat-inactivation at 56°C for 30 minutes, serial, 2-fold dilutions (1:4 

up to 1:2048) were made in 50 µL of culture medium.  For each dilution, 3 wells of a 96-well 

plate were inoculated with an equal volume (50 µL) of culture medium containing 100 TCID50 of 

the NCP BVDV 2 strain 134F, which is the BVDV strain used for the inoculation of calves in the 

present study.  After inoculation, the plate was incubated (38.5°C) in a humidified atmosphere of 

5% CO2 and air for 1 hour.  Then, 2.5 x 103 MDBK cells in 50 µL of culture medium were added 

to each well. Plates were incubated for 72 hours and immunoperoxidase labeling of the cell 

monolayers was performed to detect neutralization of the virus.  Anti-BVDV antibody titer 

herein is expressed as the greatest dilution of sample at which at least 2 of 3 wells are free of 

immunoperoxidase staining.   

Virus Isolation―Whole blood collected in evacuated tubes containing sodium EDTA 

was processed by hypotonic lysis of the red blood cells to yield the WBC fraction. The isolated 

WBCs were resuspended in EMEM containing 10% equine serum, L-glutamine, and antibiotics. 

The cell suspension underwent co-cultivation in 25 cm3 flasks containing monolayers of MDBK 

cells and was incubated for 5 days at 37°C and 5% CO2.  Following cultivation, 50 µl of the cell 

culture supernatant was inoculated in triplicate into wells on 96-well microtiter plates containing 
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monolayers of MDBK cells in EMEM containing 10% equine serum and antibiotics. After 3 

days incubation at 37°C and 5% CO2, the cells were stained for viral infection using an 

immunoperoxidase staining assay to detect noncytopathic biotypes of BVDV.  

Data Analysis―Sample size computation and power analysis was performed by software 

program.f Power and sample size calculations were performed by using the a priori function for 

proportional testing 549.  The following assumptions were made:  the probability of a type I error 

was chosen as α = 0.05, desired power was set to at least 0.90, number of groups =2. The 

assumed proportion of walking for the control group was 0.2 and for the BVDV group was 0.1.  

The calculated total sample size based on described assumptions was 16 calves (n = 8 per group), 

and calculated power was 0.95. To account for potentially missing data points due to data loss 

with improperly positioned accelerometers or the need to discard data during unforeseen 

handling events, 10 calves per group were included in this study.   

Clinical laboratory data were analyzed using mixed models procedures as implemented in 

commercial software,f where treatment and time and interaction between treatment and time 

were considered to be fixed effect. Because the experimental design had a repeated nature we 

modeled the residual covariance structure comparing likely models such as unstructured and 

first-order autoregressive; the best-fitting model was chosen on the basis of the corrected 

Akaike’s Information Criterion. Treatment groups were compared at each time point because 

there was a significant interaction.  

For accelerometer data, the average cumulative daily activity for each animal during days 

-7 to -1 was used as the baseline value in the analysis; sham or BVDV inoculation occurred on 

day 0. Cumulative daily activity for each trial date was converted to a ratio with the baseline 

value as numerator. Generalized mixed models procedures with a lognormal distribution function 
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as implemented in commercial softwareg was used to analyze the data; treatment and time after 

treatment and time interaction were considered to be fixed effect. Because the experimental 

design had a repeated nature we modeled the residual covariance structure comparing likely 

models such as unstructured and first-order autoregressive; the best-fitting model was chosen on 

the basis of the corrected Akaike’s Information Criterion. Least squares means and confidence 

intervals were back-transformed to the original scale. Because the natural log of one equals zero, 

the standard output in commercial software,g which tests whether a given mean is significantly 

different from zero, effectively tests whether the activity on a given day differs significantly 

from the baseline. Pairwise contrasts between the control and BVDV groups were calculated for 

each trial day.  

Baseline data from calves demonstrating extreme values for each behavioral index 

(percentage of time spent walking, standing, or lying) were discarded from data analysis. To 

accomplish this, individual calf behavior over the 7-day baseline period were evaluated in 

relation to the baseline behavior data from cohorts. Data were removed prior to analyses if an 

individual calf’s baseline behavior data for any of the 3 indices were greater than 3 SD away 

from the mean of the cohort.    

Results  

Clinical Illness Scores (CIS) ― All BVDV calves were clinically normal (CIS 1) during 

the 7 days prior to inoculation. In 2 control calves, CIS of 2 were recorded on days -3 and -2. 

Mild clinical illness (CIS 2) was observed in 4/10 BVDV calves on days 8 through 12 post-

inoculation, and in 1,3, and 2 BVDV calves on days 14, 17, and 23, respectively.  In the control 

group, CIS of 2 were observed on days 15 and 16 post-inoculation in 2 calves and in 1 calf, 

respectively. No animal required treatment for clinical illness during the 35-day study period, as 
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no animal demonstrated a CIS of 3 or greater. Lameness was observed in 1 BVDV-group calf 

prior to inoculation on days -3 to 0, as well as on day 1 following inoculation, and data were 

included in all analyses. Lameness was observed in an additional 3 BVDV-group calves 

following inoculation. One calf demonstrated a 2/5 right hind limb lameness on day 6, which had 

resolved by day 7. One calf had a 2/5 right hind lameness on days 8 – 9, as well as day 20. Data 

from these 2 calves were retained in all analyses. The third BVDV-group calf (ID: 1177) had a 2-

3/5 right hind limb lameness starting on day 8 and continuing on through study day 21. Due to 

the severity of a skin lesion associated with placement of the accelerometer and which did not 

respond favorably to additional padding, the accelerometer was removed on study day 21 from 

this calf. Data from this calf was removed because of predetermined exclusion criteria. Although 

simple in their application and well tolerated by most calves, the accelerometers did result in 

significant skin lesions in 3 calves.   

Physical examination and clinicopathological findings―A significant interaction (P < 

0.01) was identified between treatment group and trial day for rectal temperature. In BVDV 

calves, significantly greater rectal temperatures were detected on days 7 and 28 as compared to 

controls (P = 0.002). Total WBCs and neutrophil counts were significantly lower in BVDV 

calves on days 7 and 14 (P ≤ 0.035) (Figures 2 and 3). A significant decrease in lymphocyte 

count was observed in BVDV group calves on day 7 (P = 0.012) (Figure 4). Haptoglobin, 

fibrinogen, and serum iron concentrations were not significantly different between groups 

following virus inoculation.  

Virus isolation and virus neutralization data―All calves were confirmed negative on 

virus isolation and virus neutralization on day 0. All sham inoculated calves were negative on 

virus isolation throughout the study period. Virus isolation in BVDV inoculated calves 



138 
 

demonstrated positive results in 10/10, 4/10, and 1/10 animals on day 7, 14, and 21, respectively. 

None of the sham inoculated calves seroconverted based on virus neutralization assays 

performed on day 28. All BVDV inoculated calves (10/10) demonstrated virus neutralizing 

antibodies on day 28 of the study.  

Behavior data―Behavioral data from one BVDV-group calf (ID: 1132) was removed 

due to baseline standing and walking behavior being greater than 3 SD from the BVDV-group 

mean for these respective baseline standing behaviors. Behavioral data from two control-group 

calves (ID: 1105; 1178) were removed due to baseline walking behavior being greater than 3 SD 

from the control-group mean for baseline walking behavior.  Data for the other behaviors from 

these 3 calves were included in the other analyses.  Data from calves exhibiting lameness were 

included in all analyses if behaviors were within 3 SD from group means for those respective 

behaviors on days in which lameness was identified.  Only 1 BVDV-group calf (ID: 1177) met 

criteria for exclusion, and behavioral data for time spent standing, lying, and walking were 

removed from study days 8-21.  In this particular calf, the accelerometer was removed on study 

day 21 because of severity of the lesion associated with the accelerometer, and lack of response 

to additional padding.   

Overall trends of behavior change observed in BVDV calves following inoculation 

consisted of a decrease in time spent walking and an increase in time spent lying compared to 

baseline.  Following BVDV inoculation, increases or decreases in time spent standing compared 

to baseline behavior were observed and varied by study day.  A significant interaction (P < 0.01) 

was identified between treatment group and trial day for time spent lying, time spent walking, 

and time spent standing. Significant increases in time spent lying in BVDV calves were observed 

on days 3 and 8 (P = 0.037 and 0.003, respectively) (Figure 5). BVDV calves spent significantly 



139 
 

less time walking on days 8 and 9 (P = 0.025 and 0.013, respectively) compared to baseline 

(Figure 6). On day 8, BVDV calves spent significantly less time standing (P = 0.001) compared 

to baseline, whereas significantly increased time standing was observed on days 14, 26, and 27 

(P = 0.026, 0.023, and 0.026, respectively) (Figure 7).  Following sham-inoculation, significant 

changes in behavior in control calves included decreased time spent standing on days 4 and 15 (P 

= 0.005 and 0.027; Figure 7), decreased time spent walking on days 8 – 12 (P <0.02; Figure 6), 

and increased time spent lying down on days 1, 4, 5 and 15 (P <0.02; Figure 5) compared to 

baseline behavior. Comparing changes from baseline behavior between groups, the time spent 

standing was significantly different on day 8, with BVDV calves spending significantly less  

time standing than controls (P = 0.001; Figure 7).  

Discussion   

The main objective of the present study was to assess the capabilities of remote 

behavioral data collection using accelerometers in cattle in a subclinical disease model.  Use of 

the low-virulent BVDV 2 strain 134F resulted in the development of very subtle clinical illness, 

mild changes on clinicopathological measures, and detectable sickness behavior in BVDV-

challenged calves. For all BVDV-group calves prior to inoculation, clinical illness scores and 

degree of activity were as expected for healthy calves, and all study calves were virus isolation 

and virus neutralization negative on day 0. Onset of clinical disease, as determined by subjective 

assessment, was seen during viremia in some but not all BVDV calves. Mild signs of depression 

suggest a mild acute phase response was successfully induced in BVDV-challenged calves. As 

expected, based on previous studies, this time period corresponds to the period of viremia 

following acute BVDV infection. Further, 10/10, 4/10, and 1/10 BVDV calves were virus 

isolation positive on days 7, 14, and 21, respectively. Clinical illness scores were normal 
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(CIS=1) for calves demonstrating a viremia on days 14 and 21. In moderate to severe acute 

BVDV infection models, onset of transient pyrexia occurs at approximately 48-72 hours post-

exposure followed by persistent and marked pyrexia at 6-8 days with concurrent clinical signs of 

depression, anorexia, weakness, and diarrhea.563,569 All control calves had CIS of 1 during this 

time period and remained negative on virus isolation testing during the 35-day study and did not 

seroconvert. Use of clinical illness scores, as previously supported in other studies462,572, lacks 

sensitivity for the detection of disease in cattle. Although no statistical analysis was carried out 

on CISs due to a lack of blinding of the human observer to treatment groups, the lack of 

detection of mild clinical disease by subjective assessments in the present study would support 

the conclusions from previous studies.177,462   However, in order to minimize human interference 

with changes in sickness behavior, limited clinical assessment of calves was carried out once 

daily, which could have decreased the ability of human observation to readily detect subtle 

changes in CISs in either BVDV or control calves.  

As predicted in acute BVDV infection, BVDV calves had significantly greater rectal 

temperatures along with significantly lower total WBCs and neutrophils following inoculation. 

Although less severe, as a mild strain of BVDV was utilized in the present study, these findings 

are in agreement with WBC changes reported on days 6 – 12 post inoculation569, and as early as 

day 3 – 12.563 No significant differences were found between groups following inoculation in 

serum iron and the acute phase proteins haptoglobin and fibrinogen. This is in contrast to the 

report by Ganheim et al. (2003) where increased concentrations of haptoglobin starting 4-8 days 

post-inoculation, peak levels at 8.5 – 9.5 days, and a return to levels below detection by 13 days 

post-inoculation was observed in calves experimentally inoculated with BVDV.177 Furthermore, 

fibrinogen concentration reached maximum levels by days 8 – 9 and returned to baseline by day 
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15.177 The present findings are similar to those of Burciaga-Robles et al. (2010), in which 

exposure to BVDV alone did not result in increased haptoglobin concentrations.188 While the 

mild nature of the present challenge model may not have been sufficient to stimulate production 

of haptoglobin and fibrinogen, significant differences in leukocyte count would argue against the 

idea of an undetectable acute phase response. It is more likely the timing of sampling at 7 and 14 

days post challenge did not correspond to either an increase in concentrations or return to 

baseline concentrations of the acute phase proteins. The use of acute phase proteins did not prove 

useful in demonstrating morbidity in the present subclinical disease model. Continuous data 

collection technologies, such as accelerometers utilized in the present study, may be more 

appropriate in the detection of changes in behavior associated with disease. Potentially these 

technologies will allow for the prediction of disease onset, particularly when disease is 

subclinical or very mild in its degree of severity. Continuously monitoring behavior removes the 

need to predict appropriate sampling times and handle cattle for invasive, costly procedures. Use 

of these technologies may help to addresses the lack of sensitivity in correctly identifying morbid 

animals by human observation alone.  

To the authors’ knowledge, the present study is the first in which behavior changes 

following acute BVDV infection have been characterized using remote, objective behavior 

monitoring technology. Our findings are in agreement with previous experimental challenge 

studies utilizing remote monitoring technologies indicating that the devices can detect changes in 

behavior following exposure. Hanzlicek et al. (2010) demonstrated significantly lower mean step 

counts and behavioral changes in beef steers inoculated with Mannheimia hemolytica compared 

to controls. Cattle spent a greater percentage of time standing than lying prior to the induction of 

pneumonia, whereas 4 days post-inoculation, cattle spent a significantly greater percentage of 
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time lying than standing.462 The data in the present study would also indicate cattle spend greater 

percentage of time lying than standing following a low-virulent BVDV challenge. Although the 

use of pedometers and accelerometers did not demonstrate a correlation between the degree and 

severity of disease progression in the study, data provided evidence that behavioral changes 

associated with respiratory disease were detectable via accelerometers.462 In another study using 

a remote location monitoring device, sickness behaviors were demonstrated in calves intranasally 

inoculated with Mycoplasma bovis.411 By mapping specific areas of interest in the pen (waterer, 

feed bunk, and shelter), time spent by each calf at respective locations as well as the total 

distance traveled per day were objectively quantified. Clinical illness scores were associated with 

time spent at specific locations in the pen, as well as the distance traveled.411 Alteration of 

behavior was significantly different in calves with more severe disease compared to those with 

mild disease, and tended to reflect the degree of lung pathology.411 The results from the present 

study augment previous findings that accelerometers are useful in the detection of changes in 

cattle behavior. Changes in behavior from baseline were observed in both the control and BVDV 

calves, albeit at different time points following sham or BVDV inoculation. Overall trends in 

time spent lying, standing, and walking were similar for both control and BVDV calves. The use 

of BVDV 2 strain 134F was expected to induce very mild disease, which likely limited the 

ability to demonstrate significant differences in behavior between BVDV and control calves. 

Potential future studies should utilize more virulent strains of BVDV in order to refine the 

detection capabilities of accelerometers in BVDV-disease models. Difficulty in demonstrating 

contrast in behavior changes between BVDV and control calves was compounded further by the 

necessity to house BVDV and sham-inoculated calves separately in biosecure pastures due to the 

infectious nature of BVDV. This undoubtedly contributed to the pen effect observed. Although 



143 
 

the topography and acreage of each pasture was roughly equal, pastures were not identical and 

may have been a confounding variable in behavior differences observed between BVDV and 

control calves. However, significant difference between the time spent standing between groups 

was observed on day 8 following inoculation. Decreased standing and walking behavior in the 

BVDV group during the time of viremia was demonstrated. Use of accelerometers may allow 

detection of behavior changes in acute BVDV infection.  

Unfortunately, lameness due to accelerometer placement was observed in 3 BVDV 

calves, potentially influencing the findings as significant lameness was present in 1 BVDV calf 

during the baseline activity acquisition period and in 1 BVDV calf during viremia. Extreme 

variation from group cohorts was found in only 1 of the calves demonstrating lameness. This 

data was excluded from analyses. Otherwise, data from the other calves were retained. From a 

practical standpoint and the potential use of such devices in the commercial setting, changes 

need to be made to the fastening mechanism of this specific accelerometer model for long term 

data acquisition in light weight cattle under environmental conditions of relatively high humidity 

and ambient temperature, as in the present study. Undoubtedly lameness will alter the animal’s 

behavior and limit the application of this technology498, unless a more ergonomic model is 

utilized. Such models are commercially available, albeit with different data acquisition 

capabilities, that have proven well tolerated in both adult cattle and young calves in on-going 

studies by the authors.  

The present report demonstrates the potential usefulness and sensitivity of accelerometers 

for remote monitoring of sickness behavior in calves in a subclinical BVDV model. The utility of 

objective remote monitoring in real-time may be of more use in disease detection compared to 
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more traditional markers on inflammation, including acute phase proteins and subjectively-based 

clinical illness scores.            

Footnotes 

a.  Gibco Life Technologies Corp., Grand Island, NY. 

b. Hyclone, GE Healthcare Life Sciences, Logan Utah. 

c. GP1 Programmable Accelerometer, Sensr Company, Elkander, IA 

d. Insightful Miner, Insightful Corporation, Seattle, WA 

e. Phase Haptoglobin Assay, Tridelta Development Ltd., Maynooth, CO Kildare, Ireland 

f. G*Power 3.1.9.2, Heinrich-Heine-University, Dusseldorf, Germany 

g. PROC GLIMMIX, SAS, version 9.2,  SAS Institute Inc, Cary, NC 
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Figure 2. Mean ± SE Total white blood cell concentration (x103/uL) in BVDV (n = 10, striped 

bars) and control (n = 10, solid bars) calves experimentally infected with a low-virulent strain of 

BVDV immediately before (day 0) and at 7-day intervals after inoculation. Calves in the BVDV 

group were inoculated with 2mL of noncytopathic BVDV type 2 strain 134F (106 TCID50/mL) in 

each nostril, and calves in the control group were sham inoculated with 2mL of BVDV-free 

medium in each nostril.  

 

  

0

2

4

6

8

10

12

14

0 7 14 21

W
B

C
 C

on
ce

nt
ra

tio
n 

(x
10

3 /µ
l) 

Day



146 
 

Figure 3. Mean ± SE Neutrophil concentration (x103/uL) in BVDV (n = 10, striped bars) and 

control (n = 10, solid bars) calves experimentally infected with a low-virulent strain of BVDV 

immediately before (day 0) and at 7-day intervals after inoculation. Calves in the BVDV group 

were inoculated with 2mL of noncytopathic BVDV type 2 strain 134F (106 TCID50/mL) in each 

nostril, and calves in the control group were sham inoculated with 2mL of BVDV-free medium 

in each nostril.  
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Figure 4. Mean ± SE Lymphocyte concentration (x103/uL) in BVDV (n = 10, striped bars) and 

control (n = 10, solid bars) calves experimentally infected with a low-virulent strain of BVDV 

immediately before (day 0) and at 7-day intervals after inoculation. Calves in the BVDV group 

were inoculated with 2mL of noncytopathic BVDV type 2 strain 134F (106 TCID50/mL) in each 

nostril, and calves in the control group were sham inoculated with 2mL of BVDV-free medium 

in each nostril.  
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Figure 5. Ratio of the mean time spent lying after experimental inoculation (day 0) to the mean 

time spent lying during the 7 days before experimental inoculation (days -7 to -1; baseline) for 

the calves of the BVDV (dotted line) and control (solid line) groups. The brackets delimit the 

range for each ratio on a given day. The accelerometer was removed from 1 calf in the BVDV 

group on day 21 because of skin lesions and lameness, and the behavioral data from that calf 

were excluded from all analyses. Therefore, the values for the BVDV group represent the means 

for 9 calves. aWithin a day, the mean time spent on the given behavior differs significantly (p 

<0.05) from baseline for the control group. bWithin a day, the mean time spent on the given 

behavior differs significantly (p <0.05) from baseline for the BVDV group. cWithin a day, the 

ratio for the BVDV groups differs significantly (p <0.05) from that for the control group.  
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Figure 6. Ratio of the mean time spent walking after experimental inoculation (day 0) to the 

mean time spent walking during the 7 days before experimental inoculation (days -7 to -1; 

baseline) for the calves of the BVDV (dotted line) and control (solid line) groups. The brackets 

delimit the range for each ratio on a given day. The accelerometer was removed from 1 calf in 

the BVDV group on day 21 because of skin lesions and lameness, and the behavioral data from 

that calf were excluded from all analyses. Therefore, the values for the BVDV group represent 

the means for 9 calves. aWithin a day, the mean time spent on the given behavior differs 

significantly (p <0.05) from baseline for the control group. bWithin a day, the mean time spent 

on the given behavior differs significantly (p <0.05) from baseline for the BVDV group. cWithin 

a day, the ratio for the BVDV groups differs significantly (p <0.05) from that for the control 

group.  

 



150 
 

Figure 7. Ratio of the mean time spent standing after experimental inoculation (day 0) to the 

mean time spent standing during the 7 days before experimental inoculation (days -7 to -1; 

baseline) for the calves of the BVDV (dotted line) and control (solid line) groups. The brackets 

delimit the range for each ratio on a given day. The accelerometer was removed from 1 calf in 

the BVDV group on day 21 because of skin lesions and lameness, and the behavioral data from 

that calf were excluded from all analyses. Therefore, the values for the BVDV group represent 

the means for 9 calves. aWithin a day, the mean time spent on the given behavior differs 

significantly (p <0.05) from baseline for the control group. bWithin a day, the mean time spent 

on the given behavior differs significantly (p <0.05) from baseline for the BVDV group. cWithin 

a day, the ratio for the BVDV groups differs significantly (p <0.05) from that for the control 

group.  
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Introduction  

 

 

On beef cow-calf operations, adequate calving management is important to prevent cow 

and calf morbidity and mortality due to adverse events during the periparturient period. 

Sustainable beef production requires the delivery of healthy, live calves and retention of dams 

with sound breeding efficiency.573 The impact of dystocia and related conditions caused by 

prolonged birth is well documented573-576, and dystocia constitutes the leading cause of death of 

beef calves.574,575,577 Reported dystocia rates in beef cattle for which intervention was eventually 

required range from less than 5% to over 18%.573,575,576,578,579 Although the vast majority of cows 

and heifers typically do not require assistance during calving,580, the reproductive efficiency and 

the overall longevity of cows is significantly impacted by several calving management practices, 

which include appropriate frequency of observation and timely intervention.573 Recent survey 

data indicate that improvement in reproductive efficiency is warranted.580 Approximately 50% of 

cow-calf operations have a defined breeding season and most, but not all, producers regularly 

observe their animals during the calving season.580 According to a recent survey of U.S. cow-calf 

producers, heifers were observed 3.6 times per 24 h compared to 2.5 times per 24 h during the 

calving season for cows; however, 9.0% of operations reported observing cows less than once 

per day.573 Intervention was offered following 2.8 h and 3.5 h of labor on average in heifers and 

cows, respectively, and assistance was required in 16.7% of heifers and 2.7% of cows.573 Cows 

that experience prolonged and difficult calvings can develop dystocia-related problems including 

retained fetal membranes and calf loss early in the post-partum period.574,581 These cows have 

lower pregnancy rates in the subsequent breeding season581 and are at an increased risk of 
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culling.582 Independent of breed, longevity is significantly impacted in cows that require 

intervention or have stillbirths.583  

Identification of impending parturition and the onset of calving have conventionally 

relied upon timely and frequent observation by experienced stockmen. External visual clues 

include enlargement of the udder, relaxation of the pelvic ligaments and perineum, tumefaction 

of the vulva, and vaginal mucus discharge. Changes in behavior include isolation from herd 

mates, nest-building, signs of abdominal discomfort, and a reduction in feed intake.584-587 During 

eutocic births, parturition progresses through three sequential stages. The first stage of labor is 

characterized by relaxation and dilation of the cervix, with a duration of approximately 6 h, but 

up to 24 h in heifers588 and ends with rupture of the chorioallantois. The second stage of labor 

encompasses the delivery of the calf. During this stage, cows demonstrate frequent bouts of lying 

and standing as abdominal contractions increase in frequency and intensity.442,443 Cows typically 

lie down in sternal and eventually lateral recumbency as stage two nears completion, for 

expulsion of the calf. The average length of stage 2 labor in pluriparous cows is approximately 2 

to 4 h, but can be longer in primiparous dams.587,589 Following calving, the cow stands and 

engages in licking and stimulating the calf to rise and nurse. During this third stage of labor, 

expulsion of the fetal membranes occurs, on average by 8 h, signifying the completion of 

labor.590  

Progressive changes in the relaxation of the sacrosciatic ligament has been demonstrated 

to be predictive of calving within 24 h, with reported accuracy ranging from 82%588 to  94%.591 

Changes in the placental estrogen unconjugated β-estradiol correlated well with relaxation of the 

sacrosciatic ligament and was also found to be predictive of calving within 24 h, with an 

accuracy of 85.2%.591 However, the onset and progression of external changes such as udder 
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development and vulvar appearance can vary greatly between individual animals and can even 

be misleading in predicting an accurate calving date.588 Blood progesterone concentrations 

dramatically drop to about 1 ng/ml or lower approximately 24 h before calving.592 Use of a 

commercially available cow-side EIA demonstrated a sensitivity, specificity, positive predictive 

value, and negative predictive value of 80%, 97.6%, 88.9%, and 95.3%, respectively, for the 

prediction of calving within 24 h when progesterone levels drop below 2 ng/ml.592 When 

combined with a parturition scoring system based on external cues, blood progesterone 

concentrations had a 96.8% probably of ruling out calving within 24 h but a relatively low ability 

to predict parturition within 12 h, at 53%.593 Prediction of calving based on observations 

requiring repeated close contact with the handler, restraint of the animal, or repeated sampling is 

labor intensive, invasive, and attainable only in housed dairy cattle. Use of these parameters to 

predict calving is unrealistic in pastured beef cattle.  

The refinement of technologies capable of remotely capturing real-time, objective 

activity data may allow the use of cattle behavior patterns and changes in physiological 

parameters to predict the onset of calving. Application of technologies, which could identify 

dams experiencing dystocia and therefore facilitate more timely human intervention, has the 

potential to improve calf survivability and reproductive efficiency in beef herds. Examples 

include continuous monitoring of vaginal and ruminal temperatures293,307,594, feed intake and 

rumination activity307,396-398,400,401,595,596, tail carriage597,598, and video surveillance of cattle 

behaviors.439-441 Measureable changes in cow activity behaviors such as time spent lying, steps 

taken, or lying bout frequency during the peripartum period were demonstrated by the use of 

accelerometers and showed promise in predicting the onset of calving in housed dairy cattle.440-

443,589 The objectives of the present study were to assess behavioral activity patterns using 
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accelerometers in pastured beef cows and heifers during the peripartum period and to determine 

if changes in activity indices were predictive of calving.  

Materials and Methods 

All study procedures were approved by the Auburn University Institutional Animal Care 

and Use Committee (PRN 2013-2366). The study was conducted at the Auburn University 

NABU over two consecutive fall-calving seasons. Forty multiparous crossbred beef cows (first 

calving season, first year of study, October – December; MP) and forty primiparous crossbred 

beef heifers (second calving season, second year of study, August – November; PR) were 

enrolled in the study. Animals were maintained as one group in the respective seasons on an 8-ha 

biosecure pasture throughout the study period. For all animals, water and Bermuda grass hay 

were provided ad libitum, and a 12% protein concentrate was fed once daily at a fixed time 

(8:00AM) to allow for distant visual assessment of each animal and correct positioning of 

accelerometers. A minimum of 60 d prior to the anticipated start date of calving, each dam was 

confirmed pregnant by rectal palpation and had a commercially manufactured accelerometer 

(IceQube, IceRobotics™) attached to the lateral aspect of the right hind limb just proximal to the 

metacarpophalangeal joint, as previously described414, for continuous activity monitoring 

throughout the study period. The pasture was evaluated every 8 hours daily for cows separated 

from the group and for presence of newborn calves throughout the calving seasons. Newborn 

calves were weighed and identified with an ear tag immediately upon finding during pasture 

evaluations. However, parturition was intended to be unobserved, as to minimize interference of 

human observation on calving behavior. Therefore, the exact time of calving was undetermined. 

Most calves had been cleaned off by the dam and had nursed colostrum prior to initial handling. 

The date and time were recorded for each calving (when calf found) for each cow-calf pair 



156 
 

throughout the study. Accelerometers were removed on d 7 post-calving and data were 

downloaded. For animals that did not calve within 60 d of device placement, the device was 

temporarily removed, data downloaded, and the accelerometer reapplied for further data capture 

until d 7 post-calving.  

The data continuously collected by the device were reported in 60-minute intervals. 

Quantification of activity indices included time spent standing, lying, and walking for each time 

block and the number of times cows transitioned from standing to lying positions (lying bouts) 

per time block. The final 24 h prior to calving was assigned day -1 and the immediate 24 h post-

calving assigned day 1, which included time 0. Time of parturition, assigned time 0, was 

unobserved but was approximated for each cow based on the marked increase in lying bout 

frequency, based on visual evaluation of individual animal data graphically displayed (results not 

shown), as described in previous studies.442,443 The total observational period included 14 d pre-

calving (d -14 to -1) and 7 d post-calving (d 1 to 7).  

Statistical analysis  

Data analyzed included only animals that calved naturally, without assistance and had a 

viable calf for 7 d post-partum. Activity data collected during a defined 21-d observation period, 

which included 14 d pre-calving and 7 d post-calving were analyzed. Throughout the observation 

period, the activity of each animal was categorized as lying, walking, standing, number of lying 

bouts, and number of steps taken, based on data obtained from the accelerometer. Data 

represented (or were captured as) 60-minute blocks, and each day of the observation period was 

comprised of 24 1h blocks. The data were assessed for normality by visual inspection of 

frequency distribution and by the Shapiro-Wilk test as implemented in JMP 11.0.0 (SAS 

Institute, Cary, NC). Activity indices of standing time, lying time, steps, and lying bouts were 
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nonparametric in nature. For each day, the median time each animal spent standing and lying 

were calculated. Similarly, medians for lying bouts and steps taken were calculated. Comparison 

of each behavior by day over the 21-d observational period were made using a Friedman test as 

implemented in Prism 7 (GraphPad Software, San Diego, CA).  

Results  

 The duration of the first calving season was from October 18 until December 13 for the 

multiparous cows. Data analyzed included thirty-seven of the initially enrolled forty multiparous 

cows during the first calving season. Of the three cows for which data were excluded from 

analyses, two cows delivered stillborn calves and the third hid a viable calf, which could not be 

found within 24 h of birth. The duration of the second calving season was from September 1 

until October 13 for the primiparous heifers. Analyzed data included thirty-three of the forty 

initially enrolled primiparous heifers during the second calving season. Dystocia occurred in four 

primiparous heifers, resulting in assisted delivery of two viable and two dead calves. 

Additionally, two unassisted stillbirths and the mis-mothering of a single calf occurred. 

Therefore, the data from these seven animals were excluded from analyses.  

 Graphic representation of behavioral activity indices standing time, lying time, steps, and 

lying bouts are shown in Figures 8 – 11, respectively. The average standing time per day was 

similar during d -14 to -2. A significant increase in standing time was observed on d -1 compared 

to previous activity (P < 0.0001). Standing time continued to increase on d 1 compared to pre-

calving standing time (P < 0.02), with a gradual reduction in standing time observed on d 2 – 7 

post-calving. However, standing time post-calving continued to remain above pre-calving levels 

for the remainder of the observational period. Based on 8-h period data analysis, a significant 

increase in the median standing time was observed as early as 24 to 16 h prior to calving and was 



158 
 

significantly different from median standing times post-calving (P < 0.01).  Mean lying time per 

day was similar during d -14 to -2. A significant decrease in lying time was observed on d -1 

compared to previous activity (P < 0.03). Lying time continued to decrease on d 1 compared to 

pre-calving time (P < 0.02), followed by a gradual increase in lying time on d 2 – 7 post-calving, 

with return to baseline lying time by d 7. Based on 24-h period data analysis, median lying times 

were significantly different at 48 h prior to calving compared to baseline and continued until d 2 

post-calving (P < 0.025). However, no significant differences in lying time were found between 

8-h period data.  Average steps taken per day were similar on d -14 to -2 pre-calving. A marked 

increase in steps counts was observed on d -1, followed by a marked decrease below baseline 

levels as of d 1 post-calving (P < 0.0001). For the remainder of the observation period, step 

counts on d 2 – 7 remained significantly below prepartum levels (P < 0.01).  Based on 24-h 

period data analysis, median steps taken on d -2 were not significantly different from d -1, 

whereas median steps on d -1 were significantly different from d 1 – 7 post-calving (P < 0.0001). 

Based on 8-h period analysis, significant differences in median steps taken per day were 

observed within 24 to 16 h of calving and remained significantly different from median steps on 

d 1 – 7 post-calving (P < 0.01). Given the predetermined definition of calving (time 0), lying 

bouts significantly increased from baseline on d -1 (P < 0.0001). Following parturition, lying 

bouts gradually decreased and returned to pre-calving values by d 3 (P < 0.01; Figure 11). 

Median lying bouts on d -14 through d -2 significantly differed from median lying bouts on d -1 

and d 1 (P < 0.0001). The 24–h-period prior to calving significantly differed in median lying 

bouts on d 2 – 7 post-calving (P < 0.0001). Median lying bouts were not significantly different 

for d -1 compared to d 1. Based on 8-h period analysis, significant differences in median lying 

bouts could be demonstrated as early as 24 to 16 h prior to calving (P < 0.0001).  
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Discussion  

Several types of remote monitoring technologies to objectively measure physiological 

and behavioral changes in both beef and dairy cattle have been evaluated in an effort to improve 

animal health and productivity. To date, there are commercial systems capable of capturing real-

time data on multiple variables, including temperature, ruminating and eating behavior, and 

activity.389 Assessment of body temperature using rumen boluses has demonstrated the ability to 

detect both morbidity associated with diseases, such as bovine viral diarrhea virus (BVDV) 300 

and bovine respiratory disease (BRD)301, as well as the detection of physiological events such as 

estrus or parturition.307 Use of rumen temperature boluses in Angus beef cows demonstrated a 

significant decrease in rumen temperature 48 to 24 h before the onset of parturition.307 In a small 

pilot study, continuous vaginal temperature monitoring was reported to be predictive of calving 

within 36-60 h once a decrease of ≥0.3°C was observed, with an accuracy of 74%.293  In 

agreement, Burfeind et al. detected a gradual decrease in temperature starting 48 h prior to 

parturition, with a nadir reached approximately 12-18h before calving.594 A change of 0.2°C to 

0.3°C in vaginal or rectal temperature was demonstrated to have a predictive accuracy of 77-86% 

and 73-91%, respectively, for the occurrence of calving within the following 24 to 48 h.594 Use 

of bunk and water attendance systems, which quantify feeding and drinking behavior, are 

capable of detecting morbidity associated with bovine respiratory disease prior to conventional 

methods in feedlot cattle.361 Similarly, changes in prepartum dry matter intake (DMI), feeding 

time, and water intake were found predictive of post-partum diseases, such as metritis, 

hypocalcemia, and ketosis, weeks before the onset of clinical signs.364,365,456,457 Rumination 

monitoring systems used as a standalone monitor or in conjunction with bunk attendance systems 

are simple in their application and difficulty of data collection. Studies demonstrated marked 
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reductions in rumination time, along with concurrent decreases in feeding time and DMI, to 

occur within 8 h and 1-2 d of calving, respectively.396-400    

  Initial efforts to characterize animal behavior by quantifiable, objective measures 

through remote monitoring that minimizes the impact of human observation on behavior have 

utilized video surveillance. More recently, use of accelerometers and other activity monitors 

have largely supplanted the use of video surveillance. These devices are capable of measuring 

static (e.g. standing, lying) and dynamic (e.g. walking) activities and have been validated to 

provide comparable evidence to that of direct observation.409,414 Collectively, these remote 

technologies demonstrate changes in cattle behavior associated with changes in physiological 

states and the presence of disease. Using video surveillance under confined housing conditions, 

Barrier et al. detected that within 6 h of the onset of stage 2 labor, cows demonstrate an increase 

in restlessness, tail raising, abdominal contractions, changes in body posture and transitions from 

standing to lying.439 Similar findings have been reported by Jensen440 and Miedema et al.441 

However, the ability to distinguish between dystocic and normal calvings based on duration and 

intensity of these measures during stage 2 labor was limited, in part due to the large variability 

between individuals.439,589 Dystocial cows were comparatively more restless, had their tail raised 

for longer and laid laterally with the head rested for longer.439 The ability to distinguish dystocic 

from normal calvings, based on the magnitude and timing of increased lying bout frequency 

relative to stage 2 labor has been demonstrated in dairy cows by Proudfoot et al.596, in contrast to 

the findings of others.439,589 Use of video surveillance requires tedious and time-consuming 

review of data. Although computerized image analyses that fully automate this process have 

been developed599, validation of these programs under field conditions and testing of the ability 

to distinguish normal from dystocic calvings has not been performed. 
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Characterization of behavioral changes using accelerometers and other activity 

monitoring devices have demonstrated comparable behavior changes in peripartum cows to the 

video surveillance data described above. In the present study, significant changes in behavior 

from baseline were observed, with increases in time standing, number of steps taken, number of 

lying bouts observed, and decreases in lying time observed. Marked changes were appreciable 

within 24 h of calving for all activity indices. This is in agreement with the previous findings of 

Huzzey et al. (2005), which  demonstrated significant changes in mean daily standing time and 

an 80% increase in the number of transitions from lying to standing during 24 h prior to and 24 h 

post-calving period in free-stall housed transition dairy cows.442 Based on accelerometer 

behavioral data in housed dairy cows, an algorithm to predict calving onset has recently been 

described by Titler et al.443 Distinct behavioral patterns, which include an increase in step count, 

increased standing time, decreased lying time, and increased frequency of lying bouts, were 

similarly present in primiparous and multiparous dams.443 Heifers spent less time standing and 

had fewer lying bouts compared to cows for the 24 h prior to calving, but both parity groups 

demonstrated similar changes in behavioral activity indices.443 Using the activity index 

developed, which placed a greater significance on lying bout frequency compared to other 

behavior data, a significant change in activity was observed on average 6 h before calving (with 

a range of 2 to 14 h); and, in almost 76% of animals within 4 h of calving.443 Overall, similar 

changes in behavioral indices were in the present study. However, in contrast to Titler et al.443, 

heifers in this study spent more time standing and less time lying compared to cows. In addition, 

heifers had greater step counts throughout the observation period compared to cows. Prepartum 

lying bout frequency was slightly higher in heifers compared to cows, but the increase in lying 

bout frequency on d -1 was comparable between parity groups. However, direct comparison 
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between multiparous and primiparous dams is limited in this study, as the data represents 

successive and not concurrent calving seasons. Behavioral activity could be different between 

dam groups due to other extraneous factors. Although approximately the same acreage, different 

pastures were used for successive calving seasons, and weather conditions were variable.  

Presently, only dams that calved naturally were included, with exclusion of dams having 

stillbirths or needing assistance during prolonged delivery. As parturition was unobserved, data 

from cows experiencing prolonged and difficult calvings, with delivery of a viable calf may have 

been included in the analyses. Although the present study has the limitation that calvings were 

not observed and time zero was approximated based on visual appraisal of individual cow lying 

bout frequency data, this experimental design was chosen to limit the influence of human 

interaction complicating the data sets. Overall, changes in behavioral activity were similar to 

those previously reported and that changes may be predictive of calving within 24-h. Further 

research involving the use of accelerometers and other activity monitoring technology in 

pastured beef cattle is needed in order to evaluate its potential to predict calving onset as well as 

identify abnormal behavioral activity indicative of dystocia.   
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Figure 8. Mean standing time by day. Data from cows and heifers combined, n = 70.                        

Superscript letters indicate: a Standing time on day -1 differed from days -14 to -2 (P < 0.0001);   

b Standing time on day 1 differed from -14 to 7, excluding day -1 (P < 0.02). Superscript symbol 

indicate: † Median standing time on day -1 different from pre-calving baseline (P < 0.01).             

± Median standing time on day -1 different from d 2 – 7 (P < 0.04).  
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Figure 9. Mean lying time by day. Data from cows and heifers combined, n = 70.                                    

Superscript letters indicate: a Lying time on day -1 and 1 differed from days -14 to -2 (P < 0.03);                 

b Standing time on day 1 differed from -14 to 7, excluding day -1 (P < 0.02). Superscript 

symbols indicate: † Median lying time on day -1 and 1 different from pre-calving baseline (P 

<0.025). ± Median lying time on day 1 different from d 2 – 7 (P < 0.04).  
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Figure 10. Mean steps by day. Data from cows and heifers combined, n = 70.                                            

Superscript letters indicate: a Steps on day -1 differed from days -14 to -2 (P < 0.0001); b Day -1 

differed from days 1 – 7. Superscript symbols indicate: † Median steps between -24 and -16 hours 

prepartum differed from day 1 – 7 (P < 0.0001). ± Day -14 to -2 differed from day 1 – 7 (P < 

0.01).  
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Figure 11. Mean lying bouts by day. Data from cows and heifers combined, n = 70.                       

Superscript letters indicate: a Lying bouts on day -1 and 1 differed from days -14 to -2 (P < 

0.0001); b Day -1, 1, and 2 differed from days 3 – 7. Superscript symbols indicate: † Median 

lying bout frequency between -24 and -16 hours differed from day -14 to -2 and day 3 – 7 (P < 

0.0001).  
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Introduction  

 

 Calving management on U.S. beef cow-calf operations is of utmost importance to 

producers and veterinarians alike, as adverse events during the periparturient period can impact 

cow and calf morbidity and mortality. The impact of dystocia and related conditions on cow and 

calf health are well-documented573-576,600, with dystocia constituting the leading cause of death in 

beef calves.574,575,577 Reported dystocia rates in beef cattle for which intervention was required 

range from less than 5% to over 18%.573,575,576,578,579 Prolonged delivery with resultant hypoxia 

and respiratory acidosis has been associated with decreased IgG absorption.601-603 Since calves 

are born agammaglobulinemic, timely ingestion of colostrum and absorption of 

immunoglobulins is critical for protection against infectious diseases. Failure to consume and 

absorb a sufficient volume of colostrum with adequate IgG concentration within the first several 

hours of life can lead to partial or complete failure of passive transfer of immunity (FPT) in 

calves.604 Severe cold stress can also negatively affect calf vitality and the absorption of 

immunoglobulins.605,606 Based on extensive research, FPT has been demonstrated to be an 

important risk factor for increased morbidity and mortality, predisposing pre-weaned calves to 

gastrointestinal and respiratory diseases. In addition, FPT in calves has been associated with 

reduced beef cow-calf productivity, including reduced average daily gains (ADG), decreased 

first and second lactation milk yields, and an increased rate of culling.607-615  

Prevalence of FPT among beef calves in North America ranges from 11% to 31%616 and 

is estimated to be 20 to 40% on U.S. dairy operations.617,618 Concerted efforts focusing on farm-

level management practices and producer education have translated into demonstrable 

improvement in diminishing risk of FPT on U.S. dairies.617 Such efforts have emphasized 

established key factors that contribute to successful passive transfer of immunity: feeding 
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colostrum with a high immunoglobulin concentration (>50 g/L of IgG), feeding an adequate 

volume of colostrum, timely feeding of colostrum within the first several hours of life, and 

providing clean and quality colostrum through minimizing bacterial contamination.604,619 Several 

assays have been used to determine the level of passive transfer of immunity in calves, with the 

use of radial immunodiffusion (RID) considered the gold standard.604,620 A practical on-farm 

method is measurement of serum total protein (TP) by refractometer.620 Adequate passive 

transfer of immunity is achieved at IgG concentrations of ≥ 10 g/L and TP of ≥ 5.2 g/dl, as 

measured at 1 to 7 days of age.620 However, various cut-offs for adequate IgG and TP 

concentrations can be found in the literature as goals are continuously revised.609,610  

Parturition in beef cattle on most U.S. cow-calf operations largely goes unsupervised, 

with visual appraisal of prepartum cows occurring only once to twice daily on average.580 Thus, 

most neonatal calves are evaluated for the first time several hours after birth based on distant 

visual assessment and are directly handled even less often (e.g. for ear tattoo and tagging). 

Considering dam temperament, labor input, and pasture conditions, thorough examination of 

neonatal calves is frequently difficult for most producers. Practical and rapid assessment of calf 

vitality using various scoring systems, akin to Apgar scores used in human neonatology, has 

been described in calves, lambs, and piglets621-629, but has not been extensively validated or 

standardized under different management conditions. Assessment may include: vital parameters 

(e.g. rectal temperature, heart and respiratory rates), muscle tone, stimulation and suckle reflexes, 

peripheral edema (e.g. swollen head, face), cyanosis of mucous membranes, and time to achieve 

sternal recumbency and standing.626-630   

Objective evaluation of calf behavior as a measure of calf health using remote data 

capture technologies have been varied in their applications. Automated feeding systems, video 
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surveillance, and individual activity monitors have been utilized in the evaluation of 

ethophysiological, social-environmental interactions, and cognitive behaviors367,631-635; gait 

pattern assessment and activity monitoring420-422; and the impact of feeding regimes and housing 

conditions on heifer locomotor activities, feeding behavior, and performance.369,370,636-644 

Sickness behaviors have been evaluated under experimental conditions in post-weaned calves 

using these technologies following: endotoxin challenge550; Mannheimia haemolytica412,462, 

Mycoplasma bovis411, and bovine viral diarrhea virus (BVDV)463 infection; as well as pain 

behavior associated with castration.645,646 However, evaluation of pastured neonatal beef calf 

behavior using these technologies is absent. Application of remote activity monitors may have 

the potential to augment vitality assessment scores and quantification of immunoglobulin status 

for the identification of calves at risk of morbidity and mortality. The objective of the present 

study was to characterize the behavioral indices of neonatal beef calves during the first week of 

life using accelerometers. Evaluation of body weight, serum total protein and IgG concentrations 

were also performed to determine correlations between behavioral activity, status of passive 

immunity, and weight gain during the study period.  

Materials and Methods  

Experimental Design – All procedures were approved by the Auburn University 

Institutional Animal Care and Use Committee (2013-2366). The study was conducted at the 

Auburn University North Auburn Beef Unit (NABU) over two consecutive fall-calving seasons. 

Forty mixed-breed beef multiparous cows (first calving season, first year of study, mid-October 

to late November) and forty primiparous heifers (second calving season, second year of study, 

early September to mid-October) were enrolled in the study. Animals were maintained as one 

group, during respective seasons, on an 8-ha biosecure pasture throughout the study period. For 
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all animals, water and Bermuda grass hay were provided ad libitum, and a 12% protein 

concentration was fed once daily at a fixed time (08:00) to allow for distant visual assessment of 

each animal. The pasture was evaluated 3 times daily (approximately every 8 hours) for cows 

separated from the group and for the presence of newborn calves throughout the calving season. 

However, parturition was intended to be unobserved, as to minimize interference of human 

observation on calving behavior in beef cows. Therefore, the exact time of calving was 

undetermined. The date and time were recorded when the calf was found for each cow-calf pair 

throughout the study. Only calves born un-assisted were enrolled in the study. On day 1, calves 

were identified with an ear tag, weighed, bled, and an accelerometer was affixed to the right hind 

limb as soon as possible after birth. On day 7, calves were restrained, weighed, bled, and the 

accelerometer removed and data downloaded.  

Body weight  

 Body weight was determined on days 1 and 7 using a manual hanging scale and sling--

type harness to suspend the calf fully off the ground.  

Blood sample collection  

 From each calf, a blood sample was collected by jugular venipuncture into an evacuated 

blood collection tube without additives (10 mL) on days 1 and 7. Blood samples were 

centrifuged, serum removed, and aliquots of serum samples obtained on days 1 and 7 were 

frozen and stored at -80°C for determination of total protein and immunoglobulin G 

concentrations by refractometry and single radial immunodiffusion (SID) assay, respectively, at 

the conclusion of the study period.    

Single Radial Immunodiffusion  
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Serum (diluted 1:4) was assayed for total IgG concentration by single radial 

immunodiffusion, as previously described647. Antiserum against bovine IgG (H and L chain) was 

used (Jackson Laboratories Inc., West Grove, PA). Single radial immunodiffusion plates were 

prepared from 2% agarose containing 2.5% antiserum in phosphate buffered saline (PBS, 

pH=7.25). Standard curves (1.06-8.5 g/L) were produced using duplicate samples of a bovine 

IgG serum calibrator (Midlands Bio Products Corp., Boone, Iowa). The validity of plates was 

assessed with a reference serum from the Center for Veterinary Biologics, USDA APHIS.  All 

samples were tested in triplicate and incubated in a humid atmosphere at 25ºC for 18-24 h. Ring 

diameters were measured with a computer assisted plate reader (The Binding Site, Birmingham, 

England) and the values in samples calculated using a program for linear analysis.  

Accelerometers  

A commercially manufactured accelerometer (IceQube, IceRobotics™) was attached to 

the lateral aspect of the right hind limb just proximal to the metacarpophalangeal joint, as 

previously described 414,422, for continuous activity monitoring throughout the study period. The 

device was placed in a light-weight mesh case and affixed to the limb using zip-ties. 

Accelerometers were removed on day 7 and data were downloaded to a computer. The data were 

continuously collected by the device and reported in 1-h intervals. Quantification of activity 

indices throughout the 7-day study period for each calf included time spent standing, time spent 

lying, number of steps, and number of times the calf transitioned from standing to lying positions 

(i.e., lying bouts) per 1-h time block.  

Data analysis  
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Data were based on 1-h blocks, with each day of the 7-day observation period comprised 

of 24, 1-h blocks. The data were assessed for normality by visual inspection of frequency 

distribution and by the Shapiro-Wilk test as implemented in JMP 11.0.0 (SAS Institute, Cary, 

NC). Normally distributed variables included weight gain, serum IgG concentration, and sums of 

activity indices. The following variables were not normally distributed: standing time, lying 

time, walking time, steps, and lying bouts. For each day, the median time each calf spent lying, 

standing, and walking were calculated. Similarly, medians for lying bouts and steps taken were 

calculated. Comparison of each behavior by day over the 7-d observational period were made 

using the Friedman test as implemented in Prism 7 (GraphPad Software, San Diego, CA). 

Evaluation for the interaction of calf, dam parity group, and sums of behavioral activity indices 

were performed using the full-factorial (mixed model) function, as implemented in JMP 11.0.0 

(SAS Institute, Cary, NC). Correlations between behavioral indices were determined using 

Spearman’s rank correlation test as implemented in JMP 11.0.0. Pearson product moment 

correlations were determined for the parametric data of weight gain and serum IgG 

concentration. A Student’s t-test was calculated for comparisons made between dam parity group 

and weight gain or serum IgG concentration, respectively. All data analyses were performed 

using commercial statistical software programs (JMP 11.0.0; Prism 7). 

Results  

Data were collected from 70 beef calves from two successive fall calving seasons. 37 

calves (19 heifer calves, 18 bull calves) were born to multiparous cows in the first calving season 

and 33 calves (15 heifer calves, 18 bull calves) were born to primiparous heifers in the second 

calving season. In multiparous dams, three calves were not enrolled because of stillbirth (n = 2) 

or concealment of the calf by its dam for the first 2 days of life (n = 1). In primiparous dams, 
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calves not enrolled (n = 7) included: dystocia (n = 3), stillbirth (n = 3), and calf rejection by dam 

(n = 1). Placement, retention and use of accelerometers were tolerated well by all calves in the 

study. All behavioral data from the 70 calves enrolled were included in data analyses. Morbidity 

or mortality was not observed in any of the calves during the respective 7-day observation 

periods.   

Physiological data  

 Serum IgG concentrations of calves born to multiparous cows was significantly greater 

than those of calves born to primiparous heifers, at 32 g/L compared to 19 g/L, respectively (P < 

0.0001). Using the cut-off of 16g/L to represent adequate passive transfer of immunity and 

values <10 g/L inadequate, 34/37 (92%) calves from multiparous dams had adequate IgG 

concentrations on day 7. Of the 3 calves from multiparous dams with inadequate levels, 2 had 

marginal IgG concentrations (10 – 15 g/L) on day 1 but not on day 7 (<10 g/L). Only 20/33 

(61%) calves born to primiparous dams had adequate IgG concentrations on day 7, with 7 and 6 

calves having marginal and inadequate IgG concentrations on day 7, respectively. Calves born to 

multiparous cows had significantly greater weight gains compared to calves born to primiparous 

heifers during the first week of life (22.9lbs ± 1.47 vs. 18.4lbs ± 1.49, respectively, P < 0.019). A 

significant positive correlation existed between change in body weight and IgG status for both 

calves of multiparous cows and calves of primiparous heifers (Pearson’s product correlation 

0.5511, P = 0.0006 and 0.4090, P = 0.0181, respectively).    

Behavioral data  

 Significant differences in calf behavioral activity indices were not observed between 

parity groups, thus data from all 70 calves were combined for descriptive statistical analyses 
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(Tables 3A-6A, 3B-6B). Overall, a gradual increase in the average time spent standing per day 

was observed during the study period (Table 3A; Figure 17). Similarly, increasing median time 

spent standing per hour was observed by day during the study period (Table 1B; Figure 12). 

Median time spent standing per hour was significantly different between multiple days. Days 1, 

2, and 3 differed significantly from days 4 – 7, and day 4 differed from day 7 (P < 0.05, Figure 

13). The mean standing time varied significantly by day (Figure 17). Day 1 differed significantly 

from days 5-7, and day 3 from days 6 and 7 (P < 0.05, Figure 17). Throughout the study period, 

calves spent the majority of the time lying down (Table 4A and 4B; Figure 12 and 18). Overall, a 

gradual decrease in the average time spent lying per day was observed (Figure 18). Significant 

differences in median lying time per hour were observed between multiple days. Median lying 

times on days 1, 2, and 3 differed significantly from days 4 – 7 (P < 0.05), and day 4 differed 

significantly from day 7 (P < 0.05; Figure 14). Significant differences in mean lying time by day 

were found (Figure 18). Day 1 differed significantly from days 6 and 7, day 2 from day 7, and 

day 3 from days 6 and 7 (P < 0.05; Figure 18). Average lying bout frequency was highest on day 

1, followed by a dramatic drop in average lying bouts on days 2 – 7, with a gradual increase over 

time (Figure 20). Median lying bout frequency per hour was significantly different between day 

1 and day 2, with a decrease in the lying bout frequency on day 2 compared to day 1 (P < 0.05, 

Figure 15). A significant difference in lying bout frequencies was present on day 2 compared to 

days 4 – 6, with a gradual increase in frequency during the latter part of the study period (P < 

0.05, Figure 15). Median steps per hour differed significantly on day 1 compared to days 2, 3, 

and 7 (P < 0.05, Figure 16). Day 2 was different from day 4 – 7 (P < 0.05, Figure 16). Day 3 

differed from day 1, 5 – 7 and day 4 and 5 differed from day 7, respectively (P < 0.05, Figure 
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16). Overall, average daily step counts gradually increased during the study period (P < 0.02, 

Figure 19).  

Correlations between activity indices and IgG concentration, as well as activity indices 

and body weight were calculated. A significant positive correlation existed between lying time 

and IgG concentration for calves born to multiparous cows (P = 0.5599, P = 0.0004), but not for 

calves born to primiparous heifers (P = -0.0443, P = 0.8066). Similarly, standing time was 

negatively correlated with serum IgG concentration in calves born to multiparous cows (P = -

0.5599, P = 0.0004), but not significantly different in calves born to primiparous heifers (P = 

0.0500, P = 0.7824). Standing or lying times were not significantly correlated with weight gain 

during the first week of life. Although not statistically significant, a negative trend was observed 

for the number of steps taken and weight gain in calves born to multiparous cows (P = -0.3030, P 

= 0.0769). This trend was not observed in calves born to primiparous heifers (P = 0.1506, P = 

0.3953).  

Discussion  

 The major objective of the present study was to characterize the behavioral activity of 

neonatal beef calves during the first week of life using accelerometers. Behavioral activity was 

evaluated in conjunction with measurements of IgG concentrations and weight gains to evaluate 

correlations between behavioral indices, passive transfer of immunity, and overall calf health. 

This study is unique because it evaluated pastured beef calves, as activity monitors have 

predominately been utilized in adult cattle and much less so in preweaned calves. Placement, 

retention, and use of accelerometers were tolerated well by all calves in the study. Expectedly, 

behavioral activity data demonstrated that calves spent the vast majority of time lying during the 

first 7 days of life. Calves gradually spent more time standing, with a reciprocal decrease in time 
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spent lying. Although calves spent less time spent lying, lying bout frequency also gradually 

increased, with a resulting reduction in the amount of time spent lying per lying bout, as the 

study period proceeded. This is in agreement with the findings of Hill et al., which detected a 

gradual increase in the time spent standing with increasing age by approximately 0.5 min/day in 

individually housed, 2-5-day-old dairy calves as measured over a 60-day study period.648 

Similarly, Bonk et al. reported that 3-4-week-old, group-housed dairy calves spent 71 to 79% of 

the day lying down.422  

Differences between parity groups with respect to correlations between behavioral 

activity indices and IgG status and weight gain were identified. Calves born to multiparous cows 

had significantly higher IgG concentrations and weight gains compared to calves born to 

primiparous heifers, which is supported649 and contrasted616 by previous literature. Only data 

from calves born without the need for assistance were included for analyses. Calvings were 

unattended and the possibility exists that data from prolonged but successful calvings, which 

could have negatively affected colostral intake or absorption by calves, were included. 

Presumably, this may have occurred more often in primiparous compared to multiparous dams. 

Colostral IgG concentrations was found to increase with parity in beef cows650, which could also 

explain differences observed in calf serum IgG concentrations between parity groups. However, 

the effects of dam parity on colostral IgG concentration can be variable.651-653 Dewell et al. 

detected a significant relationship between serum IgG1 concentration and preweaning weight 

gain, with a 3.4 kg increase in weight gain in calves with IgG1 concentrations >2,700 mg/dL.609 

While only speculative, the positive correlation found between lying time and IgG status in 

calves born to multiparous cows in this study might represent calves that experience adequate 

satiety and are therefore less likely to actively search for their dam. Similarly, a trend of fewer 
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steps was observed in calves of multiparous cows that gained greater weight over the first week 

of life. Similar results were not detected in calves born to primiparous heifers. The present 

findings are in contrast to Murray et al., who detected significantly lower weight gains in calves 

that spent less time standing during the first 2 days of life.654 However, that study evaluated 

individually housed, bottle-fed dairy calves.654 As well, it should be noted that previous research 

using similar activity monitors in calves detected the device to be less accurate for the 

quantification of walking and steps compared to the postural behaviors of lying and standing420, 

and caution is warranted in interpreting the present trend in steps. Moreover, correlation does not 

imply causation, and IgG status and weight gain are impacted by multiple factors, including 

genetic potential, sex of calf, and milk production by the dam.  

Unexpectedly, no significant differences between dam parity groups were detected in the 

median duration of behavioral activities of calves, such as time spent lying, standing, or steps. 

Hypothetically, calves could have been well-hidden and left relatively undisturbed more often by 

multiparous dams compared to calves more closely attended by primiparous dams, which could 

influence calf lying and standing behaviors. However, the opposite could be equally conceivable. 

The impact of maternal characteristics and mothering ability on calf activity indices is unknown. 

Given the adequate IgG concentrations found in calves from both parity groups, mothering 

ability was likely adequate in both primiparous and multiparous dams. Given the small sample 

size and relative uniformity of the herd, subtle differences in calf behavior due to maternal 

characteristics may have been difficult to detect. 

Use of activity monitors and other remote technologies holds the potential to detect 

behavioral and physiological changes in neonatal beef calves predictive of sickness, 

complementing other means currently applied. Other tools include clinical assessment, such as 
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the use of calf vitality scores, for the identification of calves at risk for FPT and failure to thrive, 

allowing timely implementation of nursing and supportive care. As demonstrated by Schuijt et 

al. in attended calvings, time required to attain sternal recumbency in newborn calves is 

predictive of calf viability and practical in its application during the first 15 minutes of life.626 

Regarding calf vitality and morbidity, video surveillance of calvings under field conditions, 

Barrier et al. demonstrated reduced vigor in calves delivered with assistance compared to those 

delivered naturally as assessed by time to standing and suckling, as well as time spent lying in a 

lateral position.655  However, detection of sickness behaviors predictive of morbidity in neonatal 

calves was not an objective of the present study, and morbidity was not observed in any of the 

calves. Further research is necessary to assess the capabilities of remote activity monitoring 

technologies to detect behavioral changes associated with morbidity in suckling beef calves 

under extensive pasture conditions.  

The present study demonstrated neonatal beef calf behavior under pasture conditions 

using three-dimensional accelerometers. Calves spend the majority of the time lying down, with 

a gradual increase in the time spent standing during the first 7 days of life. The frequency of 

lying bouts increased, with a concurrent reduction in the time spent lying during each lying bout. 

Correlations between IgG concentration, weight gain, and activity indices were found in calves 

born to multiparous dams. No significant differences were found in the activity indices of calves 

born to primiparous dams compared to calves born to multiparous dams.  
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Activity Indices Tables 

  

Table 3A. Mean standing time per study day based on 24-hr time periods, n = 70 calves.  

Day  Mean  Standard Error  
1 356.2 19.20 
2 389.5 17.93 
3 370.2 14.40 
4 423.7 18.041 
5 436.7 23.71 
6 457.1 25.08 
7 472.5 23.73 

 

Table 3B. Median standing time per study day based on 1-hr time periods, n = 70 calves.  

Day  Median  Interquartile Range  Standard Error  
1 9.3 25.21 0.40 
2 10.7 25.70 0.43 
3 9.3 25.58 0.41 
4 12.4 26.81 0.45 
5 11.6 26.99 0.47 
6 12.5 29.95 0.49 
7 13.6 32.45 0.512 

 

Table 4A. Mean lying time per study day based on 24-hr time periods, n = 70 calves.  

Day  Mean  Standard Error  
1 1083.8 19.20 
2 1050.5 17.93 
3 1069.8 14.40 
4 1016.3 18.04 
5 1003.3 23.71 
6 981.1 25.50 
7 943.3 26.21 
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Table 4B. Median calf lying time per study day based on 1-hr time periods, n = 70 calves.  

Day  Median  Interquartile Range  Standard Error  
1 50.7 25.21 0.40 
2 49.3 25.70 0.43 
3 50.7 25.58 0.41 
4 47.6 26.81 0.45 
5 48.4 26.99 0.47 
6 47.5 29.95 0.49 
7 46.3 32.47 0.51 

 

Table 5A. Mean step count per study day based on 24-hr time periods, n = 70 calves.  

Day  Mean  Standard Error  
1 2601.1 86.47 
2 2137.5 70.14 
3 2279.3 70.12 
4 2392.8 72.59 
5 2488.4 82.91 
6 2553.7 74.04 
7 2765.4 105.07 

 

Table 5B. Median step count per study day based on 1-hr time periods, n = 70 calves.   

Day  Median  Interquartile Range  Standard Error  
1 48 152 3.49 
2 32 126 3.15 
3 34 125 3.36 
4 39 130 3.45 
5 38 129.5 3.62 
6 42 137 3.64 
7 52 162 4.30 
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Table 6A. Mean lying bouts per study day based on 24-hr time periods, n = 70 calves.  

Day  Mean  Standard Error  
1 30.7 0.76 
2 25.5 0.56 
3 26.7 0.47 
4 27.5 0.39 
5 28.2 0.35 
6 28.2 0.35 
7 27.6 0.39 

 

Table 6B. Median lying bouts per study day based on 1-hr time periods, n = 70 calves.   

Day  Median  Interquartile Range  Standard Error  
1 1 2 0.03 
2 1 2 0.03 
3 1 2 0.03 
4 1 2 0.03 
5 1 2 0.03 
6 1 2 0.03 
7 1 2 0.03 
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Figure 12. Median standing and lying time by study day based on 1-hr time periods, n = 70 
calves.  
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Figure 13. Median standing time per study day based on 1-hr time periods, n = 70 calves. 

Superscript letters indicate: a Days 1, 2, and 3 differed significantly from days 4 – 7 (P < 0.05).b 

Day 4 differed significantly from day 7 (P < 0.05).   
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Figure 14. Median lying time per study day based on 1-hr time periods, n = 70 calves. 

Superscript letters indicate: a Days 1, 2, and 3 differed significantly from days 4 – 7 (P < 0.05). b 

Day 4 differed significantly from day 7 (P < 0.05).  
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Figure 15. Median lying bouts per study day based on 1-hr time periods, n = 70 calves. 

Superscript letters indicate: a Day 1 significantly different from day 2 (P < 0.05). b Day 2 differed 

significantly from days 4 – 6 (P < 0.05).   
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Figure 16. Median steps per study day based on 1-hr time periods, n = 70 calves. Superscript 

letters indicate: a Steps on day 1 were significantly different compared to days 2, 3, and 7 (P < 

0.05). b Day 2 differed significantly from day 4 – 7 (P < 0.05). c Day 3 differed significantly 

from day 5 – 7 (P < 0.05). d Day 4 differed significantly from day 7 (P < 0.05). e Day 5 differed 

significantly from day 7 (P < 0.05).  
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Figure 17. Mean standing time (+/- standard error) by day based on 24-hour time periods. N = 70 

calves. Superscript letters indicate: a Day 1 differed significantly from days 5, 6, and 7 (P = 

0.0494, 0.0058, and 0.0009, respectively). b Day 3 differed significantly from days 6 and 7 (P = 

0.0289 and 0.0058, respectively).  
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Figure 18. Mean lying time (+/- standard error) by day based on 24-hour time periods. N = 70 

calves. Superscript letters indicate: a Day 1 differed significantly from days 6 and 7 (P = 0.0059 

and < 0.0001, respectively). b Day 2 differed significantly from day 7 (P = 0.0042). c Day 3 

differed significantly from days 6 and 7 (P = 0.0294 and 0.0003, respectively).  
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Figure 19. Mean steps (+/- standard error) by day based on 24-hour periods. N = 70 calves. 

Superscript letters indicate: a Day 1 differed significantly from days 2 and 3 (P < 0.0001 and 

0.0134, respectively). b Day 2 differed significantly from days 5, 6, and 7 (P = 0.0035, 0.0003, 

and < 0.0001, respectively). c Day 3 differed significantly from day 7 (P < 0.0001). d Day 4 

differed significantly from day 7 (P = 0.0020).  
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Figure 20. Mean lying bouts (+/- standard error) by day based on 24-hour periods. N = 70 calves. 

Superscript letters indicate: a Day 1 differed significantly from days 2 – 7 (P < 0.0001 day 2, 3, 

4; P = 0.0014, day 5; P = 0.0044, day 6; P = 0.0003, day 7). b Day 2 differed significantly from 

day 5 – 7 (P = 0.0014, 0.0021, and 0.0341, respectively).  

 

 

 

  

a 

a, b 

a 

a 

a, b a, b 
a, b 



192 
 

 

Chapter 6: Summary and Conclusions   

 

 

 Use of remote monitoring technologies is vastly expanding across the cattle industry, 

particularly in the dairy sector and the use of ever increasing precision farming tools. Significant 

contributors to the ongoing development and refinement of these technologies includes 

increasing operational size, with a diminishing skilled labor pool, along with progression in 

consumer interests over animal well-being and health. In review of the literature, technologies 

include temperature monitoring sensors, bunk attendance systems monitoring eating and 

drinking behaviors, rumination monitors, and devices used in the assessment of kinetic, 

kinematic, and overall behavioral activity of cattle. The latter includes accelerometers, which 

was the remote monitoring tool utilized in the studies presented herein. The overarching aim of 

the research of this dissertation was the characterization of beef cattle behavior using 3-

dimensional accelerometers. Several classes of beef animals were evaluated: neonatal calves, 

weaned beef calves, and periparturient beef cows. Two experimental subclinical disease models 

were presented. First, the use of OMP facilitated low-dose, prolonged administration of 

endotoxin over 7 days to weaned beef calves. Second, weaned beef calves were intranasally 

inoculated with a low-virulence strain of BVDV. In both subclinical disease models, 

accelerometers were capable of demonstrating changes in behavior from baseline, following 

challenge. In conjunction with traditional markers of inflammation, accelerometers were a useful 

tool in the detection of very subtle behavioral changes which occurred during an APR of 

subclinical disease. In continuance, characterization of cattle behavior was carried out in 

periparturient beef cows and their calves over two consecutive calving seasons, also using 
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accelerometers. Similar to findings observed in housed dairy cows, pastured beef cattle 

demonstrated marked behavioral changes as parturition approached, based on activity data. The 

findings herein suggest that the use of accelerometers in pastured beef cattle could be useful 

during the periparturient period. Further research on the development of beef-specific algorithms 

for the prediction of parturition onset as well as the identification of dystocia-related behavioral 

changes is needed. Use of accelerometers in pregnant beef cattle could serve as another tool in 

maximizing the health and productivity of both cow and calf during the crucial periparturient 

period. Likewise, the use of accelerometers in beef calves demonstrated function in the 

descriptive analyses of behavior during the neonatal period. As well, associations were found 

between behavioral indices, colostrum intake, and weight gain in neonatal beef calves.  

 In conclusion, the studies presented within this dissertation add to the body of research 

evaluating the use of remote monitoring technologies in cattle. Specifically, the use of 

accelerometers for the characterization of sickness and normal physiological behavior was 

successfully demonstrated in pastured beef cattle. Future research is needed to expand the 

development of activity monitor-based behavioral data sets and algorithms applied to the 

analyses of these data for the prediction and identification of morbidity. As well, further research 

is needed in the application of these technologies under extensive management conditions often 

encountered on beef operations, with the aim of improving overall productivity, health, and well-

being of beef cattle.  
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