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ABSTRACT
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OF SUCKLING AND WEANED PIGLETS

Teresa Marie Casey-Trott
University of Guelph, 2012

Advisor:
Professor Tina M. Widowski

There has been minimal research into the most humane, practical method for on-farm
euthanasia of suckling and weaned piglets. The goal of the research presented in this thesis was
to test the effectiveness of a non-penetrating captive bolt (Zephyr-E) for euthanasia of piglets ≤ 9
kg. Brainstem and spinal reflexes and heartbeat were used to determine the time to insensibility
and death. Post-mortem damage was scored to assess the degree of traumatic brain injury (TBI)
induced by the Zephyr-E. The Zephyr-E consistently resulted in immediate, sustained
insensibility until death in piglets ≤ 9 kg. Skull fractures and subdural and parenchymal
hemorrhage were present in all piglets. Neonatal piglets had longer durations of convulsions and
heartbeat and more severe damage than weaned piglets, suggesting age and weight effect TBI.
Overall, the Zephyr-E was a highly effective, single step method of euthanasia for suckling and
weaned piglets up to 9 kg.
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CHAPTER 1
Introduction

Euthanasia of sick, injured or compromised animals is a challenging task that every
livestock producer has to consider. When an animal is in pain or suffering and is unlikely to
survive, euthanasia is often times the most humane option. When an appropriate euthanasia
technique is chosen and carried out humanely, the welfare of both the animal and the stock
person can be greatly improved.
For piglets, there are three main reasons to euthanize:
1. Individual pigs with obvious disease, deformation or injury
2. Individual pigs with low birth weight or that are unthrifty
3. Populations of pigs during disease eradication or market collapse (mass
euthanasia)
Each of these reasons for euthanasia involves a varying degree of emotional and physical
difficulty to perform for the stockperson. In most cases, the first situation is the easiest to address
due to the outward suffering of the animal that can be eliminated by a timely euthanasia. The
second situation, dealing with the low birth weight or unthrifty piglet, is often overlooked as the
piglet outwardly appears to be functional yet may struggle to survive in a competitive system
ultimately negatively affecting the producer financially. The third situation is the least common
but most extensive. Humane mass depopulation is not only physically exhausting to carry out
due to the shear enormity of the task, but it is emotionally draining since otherwise normal,
healthy animals must be killed (Mort et al., 2008; Whiting and Marion, 2011) affecting people
directly involved the task as well as the public. Regardless of the situation, on-farm euthanasia is
1

an issue that has major implications for hundreds of thousands of piglets around the world and is
a task that deserves thorough consideration not only for the sake of the piglets but also for the
well-being of the personnel who must carry out this difficult task on a daily basis.

SWINE INDUSTRY OVERVIEW
For the swine industry, piglet morbidity and mortality is a prevalent issue. Current preweaning mortality rates are 12.6% in the United States and 12.1% in Canada (PigCHAMP
Benchmarking, 2010). The average values for total number of piglets born per litter (TB), total
live born per litter (LB), and total weaned (W) per litter for the US are 12.8 (TB), 11.5 (LB),
10.2 (W), respectively, with similar averages for Canada (PigCHAMP Benchmarking, 2010). To
put this in perspective, according to the 2010 Annual Summary Benchmarking Report of the US
swine industry (which surveyed 388 stock personnel from 47 swine operations), approximately
40,600 piglets are born annually in the average US sow farrowing barn. That would amount to
780 piglets born each week with 111 piglets born daily. With an annual pre-weaning mortality
rate of 12.6%, this amounts to a loss of 100 piglets per week in an average barn and up to 300
piglets per week for larger operations. Thus, approximately 5,000-15,000 piglets die or are
euthanized prior to weaning within each individual swine operation every year. While some of
these piglets may be found dead during routine daily inspection, others would benefit from more
timely intervention. Canadian farms are generally smaller, producing just over 21,000 live born
piglets per year with 2,500 piglets lost annually prior to weaning in an average barn (PigCHAMP
Benchmarking, 2010). These numbers do not account for losses from disease outbreaks or
situations requiring humane mass depopulation, such as that which occurred in 2008 and 2009
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when the collapse of the North American swine market led to the mass culling of thousands of
nursery piglets in Manitoba, Canada (Whiting et al., 2011).
Because of the large numbers of animals involved and the ever increasing size of swine
operations, it is essential to research and implement acceptable methods for euthanasia of piglets
in production settings.

Causes of pre-weaning piglet mortality
Numerous factors contribute to pre-weaning mortality. By definition, this includes any
piglet born alive that dies or is euthanized prior to weaning (18-21 days). Neonatal mortality,
which is defined to occur within the first 7 days of life, accounts for a large number of preweaning loses, with the majority of deaths occurring within the first 24-48 hours (Mellor and
Stafford, 2004). Hypothermia, starvation, mis-mothering, disease, injury and low birth weights
are some of the factors associated with piglet morbidity. Often times it is the interaction of two
or more of these underlying factors that ultimately leads to death (Lay et al., 2001; Mellor and
Stafford, 2004).
Of all the causes of piglet mortality, accidental crushing by the sow and starvation
account for 71.7% of deaths (USDA, 2007) with low birth weight piglets at the greatest risk
(English, 1998). In one study, piglets weighing less than 0.8 kg had a 32% survival rate whereas
2 kg piglets had a 97% survival rate (Gardner et al., 1989). Small, weak or injured piglets are
naturally out-competed by their larger, stronger siblings for access to prime teats preventing
them from accessing essential nutrients, hormones and maternal antibodies from the sow’s milk
(Fraser, 1979). These compromised piglets continue to grow weaker from malnutrition,
dehydration and hypothermia, significantly reducing their welfare and leaving them more
3

vulnerable to die from crushing and starvation (Milligan et al., 2002). Cross fostering can help
increase piglet survival, but it requires the movement of at least 5% of piglets to balance the
piglet to functional teat ratio, plus the movement of another 15-20% of piglets to create litters of
equal-sized piglets (Straw et al., 1997). Few stock persons fully utilize cross fostering (Straw et
al., 1997) and for some operations it is likely not practical.

Weaned and nursery piglet mortality
The second stage of piglet rearing in commercial swine production is the nursery phase.
In this phase the piglets are weaned from the sow and moved into a group pen with piglets of a
similar age either at a separate location within the barn or at a different production site all
together. Although the majority of piglet mortality occurs prior to weaning, an additional 2% to
3% of piglets die during the nursery stage (USDA, 2007). The transition into the nursery exposes
the piglets to social stressors and disease as they are removed from the sow and mixed with new
pen mates (Hameister et al., 2010). The majority of these deaths are caused by respiratory
problems (44%), with approximately 10-15% dying from starvation or injury (USDA, 2007).
Low birth weight piglets have been reported to have very low nursery survival rates (Smith et al.,
2007), because low body weight at birth commonly translates into low weaning weights which
reduces nursery survival (Larriestra et al., 2006). Additionally, piglets classified as weak, lame,
or having hernias at the time of movement into the nursery are reported to have high nursery
mortality rates (Morrow et al., 2006). Not only do the small or compromised piglets have a
greater risk of poor welfare and mortality, they also can be costly to a producer in the form of
increased feed costs and poor market quality (Fix et al., 2010). An aggressive euthanasia
program recommending euthanasia of compromised piglets upon arrival into the nursery
4

provides an immediate improvement of group welfare scores at the lowest cost to the producer
(Morrow et al., 2006). Even with an aggressive euthanasia approach during weaning, there is still
potential for new injuries or disease among the remaining group with the greatest losses typically
within the first 4 weeks in the nursery (Larriestra et al., 2006).
Regardless of the production stage, timely euthanasia generally provides an economic
benefit to the producer, as well as improved animal welfare by eliminating unnecessary suffering
of the compromised piglet and improving the overall health and welfare of the remaining group.
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CHAPTER 2
Literature Review

WELFARE CONCERNS ASSOCIATED WITH EUTHANASIA
The term euthanasia stems from the greek term “eu” meaning good, and “thanos”
meaning death. By definition, euthanasia is the act of inducing a humane death for a hopelessly
diseased or injured individual (Merriam-Webster, 2012). When euthanasia is deemed to be
necessary, it is essential that the entire process be carried out in a manner that minimizes pain
and distress (AVMA, 2007). According to the International Association for the Study of Pain
(IASP, 1994), pain is defined as “an unpleasant sensory and emotional experience associated
with actual or potential tissue damage, or described in terms of such damage”. Both pain initiated
in the form of an unpleasant sensory experience, as well as pain caused by activation of
nociceptors, can significantly reduce animal welfare. Distress is a secondary effect of acute or
chronic pain and (eu)stress occurs when the animal is no longer biologically able to cope with
the situation, thereby reducing its welfare (Carstens and Moberg, 2000). Unfortunately, since
animals are unable to offer verbal feedback, the presence of pain and distress is often overlooked
(Rutherford, 2002).
In order to achieve the humane end that euthanasia is meant to provide, the process of
death should begin with rapid loss of consciousness (insensibility) in conjunction with or
followed shortly by full loss of respiratory and cardiac functions (AVMA, 2007). This can be
achieved in a single step or as a two-stage process requiring first that the animal be quickly
rendered unconscious by stunning, followed by a secondary step to confirm death, such as
exsanguination (AVMA, 2007). Regardless of the method, the chosen technique should seek to
6

reduce handling stress and ensure a pain-free experience for the animal, in addition to
minimizing distress experienced by the operator (Blackmore, 1993).

CONSCIOUSNESS IN THE MAMMALIAN BRAIN
Although consciousness is difficult to define, it is generally accepted as the subjective
awareness of sensory perceptions, emotions and thoughts. Without consciousness, no subjective
awareness or feelings (pleasant, unpleasant or neutral) can be felt (Kirkwood and Hubrecht,
2004).
With the goal in mind of inducing rapid loss of consciousness, also known as a state of
insensibility, it is important to understand the neurological components responsible for
consciousness. Within the mammalian brain, the mechanism of consciousness is believed to be
dispersed (Turner and Knapp, 1995) with several neuroanatomical features responsible for its
existence. The mammalian brain is comprised of the telencephalon (cerebrum), metenecephalon
(cerebellum), diencephalon, and brainstem (Walker, 1988). In humans, the cerebrum, the largest
most frontal region of the brain, is responsible for voluntary motor function and sensory
processing. Specifically, the cerebral cortex, the outermost layer of the cerebrum, plays a crucial
role in memory, attention, thought, language, awareness, and consciousness. The cerebellum
helps to coordinate gross motor movements, locomotion and balance. The diencephalon, located
in the central core of the brain, enveloped by the cerebral hemispheres, is comprised of the
epithalamus, thalamus, and hypothalamus. The thalamus plays a significant role in consciousness
and serves as the main relay centre connecting sensory input form the cerebral cortex to the
cerebellum, brainstem, and spinal cord. The brainstem comprises the mesencephalon (midbrain),
medulla oblongata, and pons. All three regions have a role in consciousness. The mesencephalon
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processes input from the environment, the medulla oblongata controls autonomic function, and
the pons integrates information from the cerebrum and cerebellum. Together the medulla
oblongata and pons house the reticular formation, which is an extensive network of nerve fibres
that play a crucial role in a variety of neurologic functions including sensory processing for
autonomic regulation (Orrison 2008).
In order to induce unconsciousness, damage must occur in at least one of the key regions
responsible for consciousness. Specifically, lesions in the brainstem (Parvizi, 2003), reticular
formation (Shaw, 2002), or cerebral cortex (Brierly, 1971), or general disruption of signalling
pathways of the reticular formation (Foltz and Schmidt, 1956) are believed to play a role in loss
of consciousness. By understanding the function and location of these structures, euthanasia
techniques can be refined to directly target these areas.
Loss of consciousness can be achieved by concussing the brain, effectively inducing
diffuse and direct or indirect damage to these regions. Fatal injuries frequently possess numerous
small hemorrhages dispersed throughout the brain with the subjects dying within minutes of
initial injury (Finnie, 2001). Skull fractures, subdural and subarachnoid hemorrhage, and
hypotension are also considered reliable indicators of a fatal response to traumatic brain injury
(TBI: Fabbri et al., 2008; Tseng et al., 2011).

ASSESSING INSENSIBILITY AND TIME OF DEATH
When determining whether or not a technique proposed for euthanasia is humane, it is
essential to test for signs of sensibility (consciousness) to ensure that the technique causes rapid
loss of consciousness that is sustained until the animal dies. In a laboratory setting, an
electroencephalogram (EEG) is considered the ‘gold standard’ for assessing sensibility (Erasmus
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et al., 2010c). By monitoring wave forms, the level of arousal and cortical function can be
determined (Molony, 1986). Several types of brain electrical patterns are considered to be
incompatible with sensibility, including epileptiform activity, characterized by high frequency
bipolar high amplitude spikes (Anil et al., 2000). The absence of Visual Evoked Potentials (VEP)
and Somatosensory Evoked Potential (SEP) can also be used as indications of insensibility
(Gregory, 2008). EEGs have also been used to monitor the time of brain death, at which point an
isoelectric (flat-line) reading is observed (Turner et al., 2012) in combination with the absence of
reflexes and respiration (Brierley et al., 1971; Ropper, 1984). Although an EEG provides highly
reliable evidence of unconsciousness and brain death, it is typically not practical for use in on
farm situations, nor is it compatible with physical methods of euthanasia, due to the risk of
damaging the electrodes. Instead, brainstem and spinal reflexes and behavioural measures
associated with loss of brain function can be used to monitor loss of consciousness in the field
(Erasmus et al., 2010c).
Observation of brainstem and spinal (nociceptive) reflexes, similar to those used to
determine effective stunning prior to slaughter or depth of anesthesia during surgery, are the
most practical measures for determining insensibility during euthanasia of animals on farms
(Erasmus et al. 2010c). Brainstem reflexes provide insight into the degree and location of injury
through the link between the reflex itself and its location of innervation on the brainstem. Key
brainstem reflexes used for humans and animals include the corneal, palpebral, and pupillary
light reflexes. The palpebral and corneal reflexes test for a blink in response when either the
eyelid or cornea is touched, respectively. The pupillary light reflex tests for pupil constriction in
the presence of bright light. The palpebral and corneal reflexes are regulated by cranial nerves V
and VII in the pons and medulla oblongata; whereas the pupillary light reflex is related to cranial
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nerves II and III in the mesencephalon. Damage to the structures or pathways associated with
these brain regions indicates sufficient damage to impair function and thus implies insensibility
(Wijdicks, 2001).
Spinal reflexes, such as the pedal reflex or nose prick response, are commonly used to
determine anesthetic depth (Kaiser et al., 2006) and can be used to further confirm loss of
sensibility during euthanasia. Spinal reflexes indicate a lack of activation of nociceptors
responsible for relaying pain information from the spinal cord (Kaiser et al., 2006). These
reflexes involve a withdrawal in response to a pinch of the toe or nose. Although the spinal
reflexes are useful indicators of impaired motor response (Wijdicks, 1995) they cannot be used
as the sole source of insensibility testing, as motor responses will also be absent in conscious, but
paralyzed individuals (Blackmore and Delany, 1987).
In addition to sensory reflexes, several behavioural observations are important for
assessing effectiveness of a euthanasia technique. These include absence of rhythmic breathing,
absence of vocalizations, and loss of muscle tone (Gregory, 2008). Although respiration can be
observed in unconscious animals under anesthesia, certain stunning methods such as
electrocution, report that respiration is typically absent during clonic and tonic convulsion phases
(Wotton, 1995). If the animal is not progressing to death by the end of convulsions, return of
rhythmic breathing may occur as one of the earliest signs of return to consciousness (Anil, 1991).
Voluntary vocalizations are a sign of pain or distress and should not be present at any time
during the euthanasia process (Warriss et al., 1994). Loss of posture and muscle tone occur with
the onset of unconsciousness and a limp jaw or tongue is a reliable indicator of insensibility in
pigs (Anil, 1991). Clonic muscle spasms, characterized by kicking or paddling movements, and
tonic spasms, characterized by rigid extension of the limbs, are associated with epileptiform
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brain activity and are considered to be signs of insensibility following stunning in pigs
(McKinstry and Anil, 2004). These are involuntary neuromuscular spasms and should not be
confused with voluntary movements or deliberate escape attempts (Shaw, 2002; Grandin, 2010).
Brainstem and spinal reflexes are also consistently used to determine brain death in
humans. According to the American Academy of Neurology (1995), brain death is described as
the irreversible loss of all brain function, including that of the brainstem as determined by loss of
consciousness by a known cause, absence of all brainstem and spinal reflexes, and apnea (AAN,
1995; Wijdicks, 1995, 2001; Hills, 2010). Research has also been done to determine outward
signs of brain death in poultry (Dawson, 2007, 2009; Turner et al., 2012). In both studies, brain
death was achieved at approximately the same time as cessation of tonic-clonic movements, as
confirmed by an EEG.
The final stage in determining successful euthanasia is confirming cardiac arrest. The
medulla oblongata and pons are responsible to autonomic function and continued heart function
(Orrison, 2008). Although the presence of a heartbeat can be detected for prolonged periods after
brain death, Turner et al. (2012) reported that these beats were considered arrhythmias
inconsistent with functional blood circulation, and confirmed by irregular electrocardiogram
(ECG) wave forms. By destroying the ability of the hindbrain to regulate respiratory and cardiac
activity, vital function cannot be maintained.

EUTHANASIA METHODS AND MODES OF ACTION
According the AVMA (2007), there are three general categories of euthanasia methods:
inhalant, non-inhalant pharmaceutical agents, and physical. Each category has a different mode
of action for inducing death. Gaseous inhalants such as carbon dioxide (CO2), argon, nitrogen, or
11

a mixture of gases are used to induce hypoxia. Hypoxic conditions in the brain ultimately to
tissue death, shutting down vital centers for heart and lung function. Non-inhalant
pharmaceutical agents are injectable compounds, typically barbiturates, which induce depression
of the central nervous system (CNS). Direct depression of the CNS by anesthetic overdose
initiates unconsciousness by induction into a deep state of anesthesia. If prolonged, cardiac and
respiratory failure occurs. Physical methods include manual blunt force trauma, penetrating and
non-penetrating captive bolt guns, and gunshot, all of which cause physical destruction of
neuronal tissue essential for life. Electrocution is a physical method that does not physically
destroy or displace the brain tissue, but instead directly depolarizes neurons responsible for vital
function (AVMA, 2007). Physical destruction of the brain, whether by concussion,
depolarization by electrocution or direct injury, targets the cerebral cortex and brainstem
damaging critical pathways and regions of the brain responsible for consciousness and vital
function.

Acceptable euthanasia technique for piglets
To date there has been little research as to the most appropriate methods for euthanasia of
piglets. Currently, the recommended methods for euthanasia of piglets < 5.5 kg include manual
blunt force trauma (BFT), anesthetic overdose, CO2, electrocution (piglets > 4.5 kg), and nonpenetrating captive bolt (NPCB). For piglets > 5.5 kg, anesthetic overdose, CO2, electrocution,
gunshot, and both penetrating and non-penetrating captive bolt guns are considered acceptable
(NPB, 2009).
Although there are several methods available to producers, when taking into account
worker safety, costs, and practicality, the producer is left with few viable alternatives. Not only
12

this, but few studies have been conducted to verify the humaneness of each recommended
technique, especially for young pigs (Irwin, 2010). As a result, the National Pork Board issued a
call for proposals to verify and refine euthanasia techniques that are both effective and humane
(National Hog Farmer, 2009). Currently, research is underway on a variety of techniques to
determine the most humane, cost-effective, and esthetically acceptable method for euthanasia of
piglets.

Non-Inhalant Pharmaceuticals
Anesthetic overdose
Anesthetic overdose is a humane and esthetically acceptable method; however it is not
practical for use on the farm. The method involves the use of controlled drugs, which can only be
administered under veterinary supervision. Additionally, the method of administration can
influence the effectiveness. Whiting et al (2011) found that IP injection of pentobarbital resulted
in some piglets regaining consciousness and some failing to die during a mass euthanasia of
segregated early weaned (SEW) piglets. Use of anesthetics also restricts carcass disposal due to
the presence of chemical residues. Thus, anesthetic overdose is more appropriate for use in a
laboratory or veterinary setting.

Gaseous Inhalants
Carbon Dioxide
Euthanasia by CO2 inhalation offers producers an esthetically acceptable alternative;
however, whether the method is humane in piglets is a subject of current debate. With this
technique there is no visible damage or bleeding and the operator has a more indirect role in the
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death of the animal in comparison to a very direct role of inflicting the physical damage of BFT.
CO2 is inexpensive, non-flammable, and non-explosive, but may pose significant risks to the
operator if adequate ventilation is not available. Its use requires minimal restraint and handling,
and animals can be euthanized in groups, all of which reduce stress for the animal (EFSA, 2004).
Carbon dioxide induces unconsciousness by both hypercapnia and hypoxia. CO2 displaces
erythrocyte oxygen (O2), reducing O2 delivery to the brain. As a result the pH of cerebrospinal
fluid decreases and ultimately causes death by cessation of respiratory and cardiac function
(Rodriguez et al 2008). CO2 euthanasia requires constant exposure to 80-90% CO2 for at least
five minutes in either a pre-charged or gradual fill system. With a gradual fill system, the
necessary amount of time to achieve this high exposure is dependent on the flow rate of the gas
(Sadler et al., 2011a).
Although CO2 effectively causes death, this method remains controversial since, loss of
consciousness is not immediate (Chevillon et al., 2004; Blackmore, 1993), and vocalizations,
signs of breathlessness and active avoidance have been observed during the inhalation phase
while the pigs remained conscious (Raj and Gregory, 1996; Rodriguez et al., 2008; Sutherland,
2010; Sadler et al., 2011a). At high concentrations, CO2 is absorbed by the nasal and tracheal
mucosa and converted to carbonic acid which is believed to cause a painful, burning sensation
distressful to pigs (Gregory et al., 1987). Studies have shown that pigs have an awareness of the
presence of CO2 and will avoid contact with the gas even when highly motivated by food
rewards (Raj and Gregory, 1995). Since CO2 gas is denser than oxygen, CO2 sinks to the bottom
of the container. Some species have been recorded as actively avoiding the rising CO2 level
(AVMA, 2007). It has been suggested that a pre-filled system may be more humane for swine
since the onset of unconsciousness is shortened and the duration of breathlessness is reduced
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(EFSA, 2004; Bryer et al., 2010, Sadler et al., 2011a). However, Velarde et al. (2007) found that
pigs exposed to higher levels of CO2 showed severe aversion and were more reluctant to re-enter
the filled chamber after recovery, suggesting that a longer time of breathlessness may be less
aversive than the more intense but shorter period of high CO2 levels.
Based on the research, it is clear that pigs are capable of detecting CO2 to some degree,
and find exposure to the gas aversive. Although it has been proposed that neonatal animals may
be more resistant to hypoxia (AVMA, 2007) and thus CO2 euthanasia, both Sadler et al. (2011b)
and Sutherland (2011) found that younger piglets were as susceptible to CO2 euthanasia as older
piglets.
Some possible solutions for improving gas euthanasia methods are currently being
researched. Alternative gases such as argon and nitrogen are being tested for effectiveness, and
the optimum flow rate is also under investigation (Sadler et al., 2010; Sutherland, 2011). Until
the major welfare concerns associated with CO2 euthanasia are resolved, a search for
improvements or alternatives is essential.

Physical Methods
Physical methods have been in practice for centuries, with documentation dating back to
early 1900s with the use a poll-axe to strike the head of the animal to crush the ‘seat of
sensation’ and cause death (Youatt, 1839). Physical methods cause direct damage to the CNS
either by neuronal depolarization or direct destruction of neuronal tissue (AVMA, 2007). For
swine producers, the practicality, low cost, and effectiveness of physical methods make them the
preferred method especially for nursing and weaned piglets (Matthis, 2004). Unlike other
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techniques, physical methods are capable of inducing immediate insensibility when carried out
correctly; however, the nature and degree of the injury also poses the risk of painful, non-fatal
injury if the technique is not carried out properly (Blackmore, 1993).

Electrocution
Currently, electrocution is considered an acceptable method of euthanasia for piglets >
4.5 kg (NPB, 2009), although concerns for human safety make it a less favourable option in
some circumstances (AVMA, 2007; Woods et al, 2010a). Only commercially available electric
stunners should be used. It is important to note that both head-to-heart and head-only methods
are acceptable. However, head-only electrocution only causes loss of consciousness; therefore, it
is reversible and must be followed by a secondary step within 15 seconds (Blackmore and
Newhook, 1981; Anil, 1991). A 110-120 voltage has been shown to be effective at 3 to 5 second
intervals for piglets > 3 days of age up to 15 lbs (Probst-Miller, 2010). Tonic and clonic
neuromuscular spasms should be present with the head-only method (McKinstry and Anil,
2004), but these are not seen in association with head-to-heart electrocution (Wotton and
Gregory, 1986; Gregory, 2008). Head-to-heart electrocution induces unconsciousness via a
current through the brain that globally depolarizes neurons causing loss of consciousness
(AVMA, 2007). An electrode is subsequently placed on the chest to deliver a current through the
body inducing cardiac fibrillation. When using this method, the head electrode must be used first
or simultaneously with the heart electrode. The heart electrode should never be used first, as the
animal will remain conscious without current delivery through the brain (Grandin, 2010). Vogel
et al., (2011) reported a clear advantage of head-to-heart stunning over head-only, as it
significantly reduced return to sensibility in comparison to head-only stunning.
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Electrocution has been shown to be effective in weaned piglets from 5-15 kg (Van
Beusekom et al., 2010); however, for piglets less than 4.5 kg, the electrical current more readily
passes through the skin rather than across the body; therefore, electrocution for piglets < 4.5 kg is
not considered effective, nor is it acceptable (NPB, 2009). Recent results from Probst-Miller
(2010) suggest a novel, effective electrocution device for piglets < 4.5 kg; however the device
was not effective for piglets < 3 days of age. While this device slightly expands the
recommended weight range for electrocution in piglets, it also confirms that electrocution for
newly born piglets is not acceptable as the reduced resistance in the skin of neonatal piglets
causes the current to travel more readily across the skin instead of through the body.

Manual Blunt Force Trauma
Manual blunt force trauma (BFT) is the most commonly used method of euthanasia for
neonatal piglets, and although BFT is not recommended for use on piglets > 5.5 kg, it is also the
most commonly used method for weaned and early stage nursery piglets (Matthis, 2004). To be
effective, BFT requires sufficient force directed at the central skull bones to cause destruction of
the skull and brain tissue and disrupt CNS function (AVMA, 2007). BFT can be delivered as a
blow to the head with a heavy instrument or by striking the cranium against a flat hard surface.
Although BFT has been shown to be effective for young piglets (Chevillon et al., 2004;
Widowksi et al., 2008), it is the only physical method that can be carried out without mechanized
equipment; therefore, all the force required for this technique is entirely dependent on the
strength of the operator. While this makes BFT an extremely cost-effective and a low
maintenance technique, it is also cause for concern in terms of repeatability and worker fatigue.
Furthermore, for piglets > 5.5 kg, BFT is not recommended as the failure rate and necessity of
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repeated blows to the head (Whiting et al., 2011) do not conform to the guidelines of euthanasia
(AVMA, 2007). Not only this, but the particularly grotesque nature of this technique, which
involves a blow to the head by a blunt object (club or bat) or by forcefully impacting the skull on
the floor, has led to debate over the psychological impact on stock personnel or observers. While
the humaneness of the technique takes precedence, esthetic effect still needs to be taken into
account (Blackmore, 1993).
Other physical methods that effectively mechanize the delivery of trauma maintain the
benefit of immediate insensibility seen with physical methods while reducing the chance of
worker variability and insufficient force application. These methods include gunshot, penetrating
captive bolt, and non-penetrating captive bolt.

Gunshot
A gunshot to the head can be effective for euthanasia of piglets greater than 5.5 kg
(12lbs) (AVMA, 2007; NPB, 2009; OIE, 2011). The trajectory of the bullet should follow the
angle of the spine ideally passing through the brain and lodging in the brainstem (AVMA, 2007;
OIE, 2011). The penetration of the bullet concusses the brain as well as causes destruction of
vital brain tissue (NPB, 2009). Although when properly applied, gunshot is an effective, humane
method of euthanasia for weaned piglets, it is not without error. In a mass culling of SEW
piglets, Whiting et al. (2011) reported a 5% to18% application failure rate, resulting in non-lethal
injuries. Gunshot is more commonly used for the euthanasia of larger animals on the farm.
Although effective, gunshot may be perceived as excessive for use on small piglets. With this
method, safety of the operator and all others present (including other piglets) must be considered
as complete pass through of the bullet is not uncommon (Whiting et al., 2011). The shooter must
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be trained to operate a firearm and should be highly skilled in its use (AVMA, 2007). In most
cases, gunshot is not preferred of small piglets (5-15 kg).

Captive Bolt Guns
The second type of mechanical method of euthanasia is a captive bolt. Captive bolt guns
are commonly used in abattoirs for stunning livestock. Captive bolts may be powered by
cartridge, compressed air or by internal combustion. There is considerable variation in the design
of captive bolts that affect the amount of force and damage they deliver (Woods, 2010a) The
effectiveness relies on sufficient transfer of energy from the device to the brain tissue with an
emphasis on the importance of both the diameter and velocity of the bolt (Gregory, 1998). For
both penetrating and non-penetrating captive bolt guns, the piglet should be restrained as the shot
is precisely directed at the midline of the forehead, with the gun directed perpendicular to and
flush with the forehead (Chevillon, 2005), although different designs may require adjustments to
the placement on the skull (Woods et al., 2010b).
Maintenance of the captive bolt device is crucial to proper performance. The equipment
must be routinely cleaned and serviced as described by the manufacturer (Grandin, 2003). A
penetrating captive bolt is currently considered to be acceptable without a secondary step for
nursery piglets < 5 kg (NPB, 2009). This method requires sufficient energy to allow for
penetration of the skull and proper placement to ensure adequate destruction of vital brain tissue.
The barrel of the gun should be firmly pressed flush against the skull aimed in the direction of
passing through the brain toward the tail (NPB, 2009). Neuromuscular leg spasms should be
present immediately following effective application (Grandin, 2010). In a survey of over 300
stock people regarding their perceptions about euthanasia, Matthis (2004) reported that although
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penetrating captive bolt gun was the second most commonly used method for nursery piglets,
over 20% of respondents felt that safety was an issue. Additionally, over 40 % of respondents
reported that the open wound left on the head of the piglet by the penetrating captive bolt was
unsightly or upsetting (Matthis, 2004).
A non-penetrating captive bolt gun (NPCB) follows the same principles as the
penetrating captive bolt, but without penetrating the skin. The bolt extends to impact the skull,
without breaking the skin, causing concussion and brain damage, then retracts back to the
original position. For this method, the shape of the percussive bolt head, depth of depression of
the bolt head into the cranium and force of the gun are all important factors.
Research into the success of NPCB guns as a single-step method of euthanasia has led to
variable results. Widowski et al. (2008) found that some piglets showed signs of return of
sensibility and variable time to cardiac arrest when a round-head, pneumatic-driven percussive
bolt was used for neonatal piglets. When the bolt head was modified to a conical shape for a
pilot study involving one day-old piglets, the efficacy of the method was greatly improved.
Finnie and colleagues (2000) reported successful stunning of lambs with a NPCB, whereas
NPCB caused minimal damage in nursery piglets (Finnie et al., 2003). In both of these studies
the NPCB was applied in the temporal position. Similarly, Woods and colleagues (2011a; 2011b)
found cartridge-powered NPCB to be effective for piglets up to 10 lbs without a secondary step.
Currently, a non-penetrating captive bolt is considered acceptable as a single-step
euthanasia method for piglets up to 12 lbs, and can be used with a secondary step for piglets
exceeding this weight limit (NPB, 2009). The barrel should be positioned on the frontal bone
between the eyes and pressed firmly against the skull in the direction of the tail (Widowski et al.,
2008). Proper maintenance and positioning are critical to the success of this method. The blow to
20

the head should inflict sufficient physical damage to both the cerebral cortex and brainstem to
causing immediate and irreversible brain damage leading to death. Clonic and tonic convulsions
can be expected following application of the percussive bolt.
In general, to ensure the effectiveness of physical methods, proper placement as well as
sufficient voltage or force is crucial to achieve unconsciousness and death. All the mechanical
methods recommended for swine target the brain directly, with an emphasis on causing direct
damage to the cerebral cortex and brainstem (NPB, 2009).

TRAUMATIC BRAIN INJURY FROM BFT AND NPCB
There are two mechanisms involved in the neuropathology of TBI. The first is related to
the direct impact of the brain by an object or surface commonly associated with skull fracture
and contusions. The second mechanism results from strain of the brain tissue from
acceleration/deceleration motion (Finnie, 2001; Gaetz, 2004). TBI can develop from primary
damage occurring at the instant of injury, or secondary injury resulting from complications from
the initial event. Further classification designates contusions, intracranial hematoma, and
secondary damage related to ischemic-hypoxia as a focal injury, whereas a diffuse axonal injury
with microvascular damage without obvious hematoma is considered a diffuse injury (Finnie,
2001). Impact injuries, such as those caused by physical methods of euthanasia, are typically
considered a focal TBI, and are typically associated with a poor prognosis in human infants
(Squier and Mack, 2009).
Gennarelli and Graham (1998) describe several forms of hemorrhage usually present
following an impact head injury: intracranial (associated with direct blood vessel rupture),
extradural (associated with skull fracture), and subdural (associated with rupture of bridging
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veins of the dura or cortical arteries). Severe hemorrhage in any of these regions may result in
blood extending into the surrounding cortex increasing the likelihood of secondary necrosis of
neurons due to ischemia. Increased pressure induced by hemorrhage within the brain tissue
reduces regional blood flow, leading to hypoxia and ischemia, and is correlated with a poor
outcome following TBI (Fritz et al., 2005). Severe edema, whether from seepage of fluid from
damaged vessels, hypertension or a cytotoxic influx of ions, may also cause irreversible neuronal
damage (Gaetz, 2004).
Although the pathophysiology of TBI is known, individual differences may still cause
variation in the physiologic response to a particular brain injury. In particular, neonatal humans
and animals are known to have differing responses to TBI because of a maturation-dependent
response (Duhaime et al., 2000; Finnie, 2001; Durham and Duhaime, 2007). Specially, young
animals have increased plasticity in regards to hematoma and intracranial pressure, allowing
neonates to withstand higher levels of injury without as severe an outcome when compared to
that seen in older individuals of the same species. Older piglets also have been shown to have
larger tissue deformation strains resulting from TBI than neonates (Ibrahim et al., 2010). Sex
differences are also thought to play a role in susceptibility to TBI with circulating sex steroids
(namely progesterone and estrogen) thought to provide some resistance to neurologic damage
(Hurn et al., 2005), although these effects are age dependent in pigs (Missios et al., 2009). It is
possible that some of these differences in responses to TBI with age in piglets are due to a
postnatal spurt in brain growth that occurs at 4 weeks of age (Pond et al., 2000). Differences in
brain mass and myelination are likely related to the variability as the piglet brain is still immature
at 4 weeks of age and physical differences in brains continue into the adolescent stage of piglets
(Duhaime et al., 2000). It is also possible that the relative neuroprotection of neonates following
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TBI is due to the lack of rigidity of the skull and resistance to subdural hematoma, both
characteristics that ensure survival following potential compression during vaginal birth (Squier
and Mack, 2009).
With the well documented effect of age on resistance to TBI, it is also possible that body
weight or body mass index (BMI) have an impact on the success of physical methods. Baxter et
al. (2008), reported body weight and BMI influenced the number of stillbirths and postnatal
deaths in piglets. These increases in mortality were hypothesized to be related to physiological
differences in the piglets.
Overall, it is clear that by directly targeting the CNS, physical methods are capable of
reliably inducing unconsciousness and death in piglets. Although individual variability is
inevitable due to the diversity of physiological function, by understanding the general age and
weight categories that a euthanasia technique is recommended for, a humane death can be
provided, improving the welfare of the animal euthanized.
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RESEARCH OBJECTIVES
1. To test the ability of a non-penetrating captive bolt, Zephyr-E, to induce rapid and
sustained unconsciousness in piglets up to 9 kg
2. To test the ability of a non-penetrating captive bolt, Zephyr-E, to cause cardiac
arrest in a timely manner in piglets up to 9 kg
The study took place in three stages, with each experiment dependent on the effectiveness
of the Zephyr-E at each stage. Experiment 1 used signs of sensibility and death to test the
effectiveness of the Zephyr-E on conscious, neonatal piglets (n=100) less than 3 days of age
(1.04 kg ±SE). Post-mortem examinations were completed to determine the degree of skull and
brain damage associated with the technique.
Experiment 2 tested the ability of the Zephyr-E to cause death in larger suckling and
weaned piglets from 3 to 9 kg. Since the Zephyr-E was a novel technique as a single step method
for piglets > 5.5 kg, all piglets (n=20) were anesthetized prior to Zephyr-E application. Signs of
sensibility could not be observed for this experiment because the piglets were anesthetized. Postmortem examinations were conducted to determine the degree of skull and brain damage
resulting from the Zephyr-E. Time to cardiac arrest and post-mortem data results were then
compared to Experiment 1 results in an attempt to determine whether the technique would be
effective and humane for use in the final stage of the study.
Experiment 3 tested the effectiveness of the Zephyr-E on conscious suckling and weaned
piglets ranging from 3 to 9 kg. Signs of sensibility and death were observed followed by postmortem damage assessment. Due to the size and weight of the piglets in this experiment, a
restraint sling was used in conjunction with the Zephyr-E to ensure worker safety.
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CHAPTER 3
Effectiveness of Non-Penetrating Captive Bolt for Euthanasia of Piglets < 3 Days of Age

3.1 Abstract
The objective of this study was to determine the effectiveness of a non-penetrating
captive bolt, the Zephyr-E, for euthanasia of neonatal piglets < 72 hours of age using signs of
insensibility and death as well as post mortem assessment of traumatic brain injury. The ZephyrE was used by 10 stock people to euthanize 100 low viability suckling piglets from 3 commercial
swine farms and 1 research farm. Brainstem and spinal reflexes, convulsions, and heartbeat were
used to assess loss of consciousness, time of brain death and cardiac arrest following Zephyr-E
application. The degree of hemorrhage severity (HS) and skull fracture displacement (FD) was
quantified from computed tomography (CT) scans, macroscopic scoring was used to assess brain
hemorrhage and skull fracture severity, and microscopic scoring was used to assess subdural
(SDH) and parenchymal (PH) hemorrhage within specific brain regions that are responsible for
consciousness and vital function. Mixed model analyses of variance were used to determine
differences among stock persons with either body weight (BW) or body mass index (BMI) as a
covariate. A linear regression was used to test for relationships between FD and BW or BMI.
Microscopic hemorrhage data was ranked and two-way analysis of variance was run on the
ranked data to test the effects of brain sections on hemorrhage scores. All 100 piglets were
rendered immediately insensible without any returning to consciousness. Cardiac arrest occurred
within 15 minutes in 94% of piglets. On average clonic convulsions ceased in 101 sec (± 7.4 SE),
brain death was achieved in 229 sec (± 9.18 SE) and cardiac arrest was achieved in 420 sec (±
13.57 SE). The duration of piglet heartbeat differed significantly among stock people when
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either BW (p=0.0053) or BMI (p=0.0059) was used as a covariate. BMI had a negative effect on
the duration of clonic convulsions (p=0.0227). Moderate to severe HS was reported in all but one
of 10 piglets from CT scans. There was no linear relationship between FD and BW (p=0.8408) or
BMI (p=0.6439). Macroscopic analysis indicated moderate to severe hemorrhage and skull
fracture in all piglets. No differences were found among brain sections for SDH (p=0.3454) or
PH (0.1874) hemorrhage. By reliably causing immediate, sustained insensibility and death, the
Zephyr-E provided a humane death for piglets < 72 hours of age. Post mortem assessment
confirmed that the Zephyr-E causes widespread, irreversible brain damage and provided insight
into the damage associated with loss of consciousness and death in suckling piglets.
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3.2 Introduction
As a polytoccus species, swine have evolved to survive despite relatively high losses of
their offspring (Stanton and Carroll, 1974). Although many piglets are born healthy, there
remains a consistent percentage that will maintain physiological and functional impairment after
birth and still others within the litter who will simply not survive (Mellor and Stafford, 2004).
Timely euthanasia of low viability piglets prevents prolonged suffering of the compromised
piglet and provides an economic benefit to the producer by improving the overall quality of the
piglets remaining in the group (Fix et al., 2010). As a result, piglet euthanasia is common
practice within the swine industry.
Although few studies have been conducted to evaluate their welfare impact, a variety of
techniques are considered to be acceptable or conditionally acceptable for on-farm euthanasia
(NPB-04259-01/09; AVMA, 2007) and culling for disease control purposes (OIE, 2011). For
piglets < 5 kg these methods include: manual blunt force trauma (BFT), non-penetrating captive
bolt (NPCB), carbon dioxide (CO2), nitrogen (N2), or a mixture of inert gases, electrocution, and
anesthetic overdose. Unconsciousness (insensibility) and death can be caused by direct
destruction of the brain tissue, hypoxia-induced loss of vital brain function, or chemical
depression of respiratory or cardiac function (AVMA, 2007).
Physical methods, such as BFT, are the most practical and preferred techniques for
euthanasia of piglets on farms (Matthis, 2004). Physical methods cause frank damage to the
central nervous system disrupting sensory processing and preventing an adequate amount of
oxygen from reaching regions of the brain responsible for vital function (Gaetz, 2004; Fritz et al.,
2005). The main targets of physical methods should be the cerebral cortex, as this is the region
27

primarily involved in maintenance of consciousness, and the brainstem, since this region is also
involved in consciousness, as well as control of respiratory and cardiac function (Gaetz, 2004;
Shaw, 2002). The absence of brainstem and spinal reflexes can be used to determine insensibility
in pigs (Anil, 1991; Vogel et al., 2011). Furthermore, the absence of these reflexes in
combination with sustained apnea is used to confirm brain death in humans (Wijdicks, 2001;
Hills, 2010).
Recent work comparing a NPCB (Zephyr- Rabbit Stunner (RS), round head, 120 PSI) to
BFT found that both methods rendered piglets immediately insensible; however, some piglets
showed signs of returning to consciousness when the Zephyr-RS was used (Widowski et al.,
2008). Subsequently, the design of the nylon bolt head attachment of the Zephyr-RS was
modified to a conical shape to increase the depth of depression without causing penetration when
used at 120 PSI. This newly modified gun, Zephyr-Euthanasia (Zephyr-E), was designed
specifically for euthanasia purposes whereas the Zephyr-RS was designed for stunning.
The objective of the study reported here was to determine the effectiveness of the
Zephyr-E as a euthanasia technique for neonatal piglets. Time to loss of consciousness and
cardiac arrest were used to determine whether the technique was effective and humane. Postmortem assessments were then completed to determine the nature and degree of traumatic brain
injury (TBI) associated with the use of the Zephyr-E.

3.3 Methods
All procedures were approved by the Animal Care Committee at the University of
Guelph and the Institutional Animal Care and Use Committee at Iowa State University.
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3.3.1 Euthanasia Device
The Zephyr-E is a pneumatic nail gun (NS 100A ¼” Narrow Crown Stapler, Porter
Cable, USA) that was modified to hold a conical nylon bolt head (diameter: 2.5 cm, length: 3.8
cm) attached to a cylindrical bolt (diameter: 0.8 cm) (Erasmus et al., 2010a). The nylon bolt
head recesses 3.3 cm into a metal barrel of the gun. When fully extended, the nylon bolt head
protrudes 1.9 cm from the end of the gun barrel. The Zephyr-E attaches to a standard air
compressor and is applied with an airline pressure of 794-827 kPa (115-120 PSI). The Zephyr-E
allows for multiple applications (shots) in rapid succession by repeatedly depressing the trigger
(See Appendix A for equipment images).

3.3.2 Animals and Procedures
The Zephyr-E was used on one research farm (University of Guelph, Arkell Swine
Research Station) and three large commercial farrowing units in Iowa to euthanize a total of 100
low-viability piglets (1.04 kg ± 0.03 SE) that were less than 72 hours of age. All piglets were
either compromised or of low birth weight and required euthanasia according to the farm animal
care protocols. Ten stock people (SP) who were routinely responsible for performing euthanasia
at the farms were trained to use the Zephyr-E. SP 1 and 2 were from the research station (R), SP
3-5 from commercial farm 1 (C1), SP 6 and 7 were from commercial farm 2 (C2), and SP 8-10
were from commercial farm 3 (C3). Each stock person manually restrained the piglet on its
sternum on a hard, flat surface (counter top). Two shots were administered rapid fire on the
frontal bone (NPB-04259-01/09), followed immediately by one shot delivered to the back of the
skull behind one ear (See Appendix A for placement images).
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3.3.3 Ante Mortem Data Collection
Immediately after Zephyr-E application, piglets were assessed by the researcher for signs
of sensibility using brainstem and spinal reflexes: corneal reflex, pupillary light reflex, jaw tone,
and response to nose prick. The corneal reflex was tested by touching the surface of the eye and
monitoring for a blink response. The pupillary light reflex was tested by shining a light into the
eye of the piglet and observing for pupillary constriction or dilation in response to the light. Jaw
tone was tested by gently pushing on the lower jaw muscle to examine whether there was any
resistance to the downward motion. A needle prick to the nose was used to test for a withdrawal
response to a painful stimulus. Reflexes were repeatedly checked in the order listed above every
15 seconds until the animal was considered brain dead or for a maximum of 15 minutes. If
heartbeat had not ceased by 15 minutes, a secondary method was used to kill the piglet.
Anesthetic overdose was used as a secondary method on the research farm and exsanguination
was used on the commercial farms.
Onset and duration of clonic and tonic neuromuscular leg spasms (convulsions) and the
presence of breathing were monitored by visual assessment. The duration of clonic convulsions
(CC) began at the onset of spasms and leg paddling and ended at the start of the transition into
the rigid extension of the limbs at the tonic convulsion phase. The duration of total convulsions
(TC) combined the duration of clonic and tonic convulsions until the point at which the piglet
became completely limp and motionless. Presence and duration of heartbeat (HB) were
determined by palpation or auscultation. Cardiac arrest was determined when no discernible
heartbeat could be found by auscultation or palpation. The research protocol required that for any
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piglets exhibiting signs of returning to consciousness, the Zephyr-E was to be immediately
reapplied. If the method was not successful, an alternative euthanasia technique was to be used.
Piglets were individually identified for post-mortem measures.
A brief questionnaire, after they had euthanized 10 piglets, was provided to each stock
person to assess individual experience and opinion of the method on a 10-point scale
(1=completely ineffective: 10=highly effective: Appendix B).

3.3.4 Post-mortem Data Collection
For a subset of the piglets that were euthanized at the research farm, computed
tomography (CT) scans were completed within 3 hours of euthanasia by technicians at the
Ontario Veterinary College Department of Radiology (n=10). CT scans extending from the tip of
the nose to the 3rd cervical vertebrae were completed using a GE LightSpeed 4 slice scanner
(General Electric Company, Mississauga, Ont). Images were acquired as a helical study in soft
tissue and bone algorithms with a 1.25 mm slice thickness and a 0.75 mm interval with a small
field view at 120 kVp and 100mAs. Images were later evaluated by a board certified veterinary
radiologist (S. Nykamp) and scored for hemorrhage severity (HS: 0= no hemorrhage, 1= mild,
2= moderate, 3= severe) and fracture displacement (FD). FD was recorded as the distance (mm)
between the normal position of the cortical bone to where the cortical bone had been displaced.
Skull thickness (mm) was also measured.
All of the 10 piglets that were scanned as well as with the remaining 90 piglets
(euthanized at all locations) were scored macroscopically for brain hemorrhage and skull fracture
during gross dissection. Macroscopic scoring was based on a scale system adapted from Erasmus
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et al. (2010b; Table 3.1). Skull fracture (SK) was assessed by removing the scalp and examining
the entire dorsal surface of the skull. Subcutaneous (SC), subdural dorsal (SDD) and subdural
ventral (SDV) scores were used to assess severity of hemorrhage. SC was assessed by scoring
the hemorrhage underneath the scalp on the dorsal surface of the skull after the scalp was
removed from the medial canthus the eyes to the base of the skull. SDD was assessed by scoring
the hemorrhage on the entire dorsal surface of the brain after skull and dura were removed. SDV
was assessed by scoring the hemorrhage on the entire ventral surface of the brain once the brain
had been lifted from the skull and the dura had been removed. Prior to dissection, each piglet
was weighed (kg) and crown to rump length was recorded (cm) to calculate body mass index
(BMI= mass (kg)/length (m2).
Following gross macroscopic evaluations, the brains of the 10 piglets that underwent CT
scans were removed and placed in 10% buffered formalin for at least 7 days. Once fixed, the
brains were divided down the midline and three coronal sections, one from the cerebral cortex,
midsection of the brain including the thalamus, and brainstem, respectively, were taken from the
right hemisphere of each piglet brain (n=10). Each 5 mm thick tissue sample was then embedded
in paraffin, trimmed to a 4 μm slice, affixed to a slide, and stained with haematoxylin and eosin
using standard techniques (Animal Health Laboratory, University of Guelph, Guelph, ON). The
three brain sections were microscopically examined and scored by a veterinary pathologist (PV
Turner) to determine the degree and location of subdural (SDH) and parenchymal (PH) brain
hemorrhage. Scores were based on the area of brain showing hemorrhage in proportion to total
area of the brain that was visible on the entire slide (Table 3.2). For each brain, there were 3
slides, one from each brain region, with 30 slides total for the entire group of 10 piglets.
Differences in damage among the 3 brain regions were assessed by comparing scores from each
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region. The degree of overall microscopic damage for both SDH and PH was assigned a value by
using the highest score from SDH and PH in any of the three regions from an individual piglet.

3.3.5 Statistical Analyses
All statistical analyses were computed in SAS 9.2 (SAS Inst. Inc., Cary, NC). Mixed
model analyses of variance were used to test for overall differences among stock people for
mean durations of CC, TC and HB with stock person as a fixed effect nested within farm. To
account for piglet differences, body weight was included in the model as a covariate and farm as
a random effect. Duration of CC, TC, and HB were dependent variables. Baxter et al. (2008)
reported BMI was significantly correlated with stillborns as well as postnatal piglet mortality. In
an attempt to account for growth variation and morbidity effects, the mixed model of stock
person nested within farm was repeated using BMI as a covariate in place of BW. CC, TC and
HB were log transformed to normalize the data. Raw means and standard error are presented in
the results. Log transformed means and standard errors for stock person mean duration of HB
and duration of CC are presented in the results.
A linear regression analysis was used to test for linear relationships FD and BW. This
regression analysis was repeated using BMI.
Microscopic hemorrhage data was rank transformed (Akritas, 1990) using proc RANK
and one-way analysis of variance was run on the ranked data to test the effects of brain sections
on hemorrhage scores.
Statistical significance was defined as P < 0.05 for all analyses.
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3.4 Results
3.4.1 Ante Mortem Sensibility Assessment
All 100 piglets were rendered immediately insensible without returning to consciousness
and death was achieved without a secondary step in 94% of the piglets. Although the remaining
6% (6 piglets) showed no signs of consciousness, cardiac arrest was not achieved within the 15
min observation period. Four of the piglets required a secondary step (exsanguination) due to the
presence of a faint, irregular heartbeat at the 15 min endpoint and the other two piglets required
anesthetic overdose as an alternative euthanasia method [Pentobarbital Sodium (340mg/mL)
0.3mL/kg] due to sustained, sporadic convulsions.
The average duration of CC (spasm and leg paddling) was 101 sec (± 7.4 SE). The
durations of CC for all piglets were classified into 1-minute intervals and plotted across time to
show the cumulative percentage of piglets ceasing CC at any one time point (Figure 3.1). TC
lasted on average 229 sec (± 9.18 SE). The TC durations were classified into 1-minute intervals
and plotted across time to show the cumulative percentage of piglets achieving brain death at any
one time point (Figure 3.2). The average duration of HB was 420 sec (± 13.57 SE). Duration of
HB was classified into 1-minute intervals and plotted across time to show the cumulative
percentage of piglets achieving cardiac arrest at any one time point (Figure 3.3).
When accounting for BW as a covariate, there was a significant effect of stock person on
the duration of HB (p=0.0053). With BMI as a covariate, stock person had a significant effect on
the duration of HB (p=0.0059). Figure 3.4 gives the stock person least square means (±SEM) for
the duration of HB of the 10 piglets euthanized by each individual. There were no differences
across stock people for durations of CC or TC (P>0.05).
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BMI had a significant negative effect on the duration of CC (p=0.0227; R2=0.03149);
however, based on the R2 value BMI accounted for a small degree of variation. As BMI
increased, the duration of CC decreased (Figure 3.5).

3.4.2 Post Mortem Damage Assessment
Based on CT scan results, the mean HS score was 2.3 (± 0.3 SE) with 90% of piglets
showing moderate to severe hemorrhage. One piglet had no evidence of hemorrhage even though
severe skull fracture was present. Of the remaining 9 piglets, 6 had only extradural hemorrhage,
whereas 3 had both extradural and parenchymal hemorrhage present. Mean fracture displacement
(FD) was 6.2 mm (± 0.7 SE). An example of typical FD can be seen in Figure 3.6. There was no
significant linear relationship between fracture displacement and BW (p=0.8408) or BMI
(p=0.6439). The mean skull thickness was 2.3 mm (± 0.2 SE).
The frequencies of macroscopic scores are presented in Table 3.3. Every piglet had
fractures and hemorrhage present. One hundred percent of piglets exhibited moderate to severe
skull fracture and 97% of piglets had moderate to severe hemorrhage with at least a quarter of
the brain surface area covered in subdural hemorrhage. The presence of SDV hemorrhage on the
ventral surface of the brain and brain stem may be indicative of a coup/contrecoup brain injury,
resulting from the shaking of the brain within the brain case inducing hemorrhage on the
opposing side of the impact (Gaetz, 2004). A score of 4 was the most frequent score for every
hemorrhage category.
Histological analyses indicated SDH and PH hemorrhage was present in at least one
section from every piglet brain scored (n=10; 3 coronal sections each). When comparing the 3
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sections from each brain, there were no significant differences for SDH (p=0.2302); however the
cerebral cortex had more severe scores for PH (p=0.0328) as compared to the midbrain and
brainstem sections. SDH was present in all sections of every brain, whereas PH was found in all
10 brain sections from the cerebral cortex, but only in 6 sections from the midbrain and 7
sections from the brainstem. Microscopic score means for each brain section can be found in
Table 3.4.
The highest SDH and PH scores from each piglet brain, regardless of the section of
origin, indicated moderate to severe subdural hemorrhage in 100% of piglets, and moderate to
severe PH in 60% of piglets. Frequencies of these highest SDH and PH scores found in each
piglet brain can be found in Table 3.5. An example of typical SDH and PH can be found in
Figure 3.7.
In terms of the esthetics of the technique, a noticeable bruise was present on the forehead
of the animal with very few incidences of skin puncture. Typically the only bleeding that was
present was from an ear or the nose resulting from the impact.
3.4.3 Stockperson Survey
The Zephyr-E scored highly among stock personnel with an average rating of 8.7 (± 1.6
SE) out of 10 (data not shown). Although 100% of stock persons surveyed reported that they
were satisfied with their current euthanasia technique (BFT or anesthetic overdose), verbal
feedback regarding the Zephyr-E was positive, especially from barns using BFT as the primary
means for euthanasia. The majority of stock persons were most interested to find out whether the
technique would be successful on larger, older piglets entering the nursery stage as it was noted
by one individual that the older piglets require a lot more force for BFT to be effective. Several
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stock persons also commented that making the technique more portable would be preferred (See
Appendix A for equipment images).

3.5 Discussion
The Zephyr-E was highly effective for providing a humane death for the piglets
euthanized in this study. All 100 piglets were rendered immediately insensible without any of
them showing signs of returning to consciousness. This was a significant improvement in
comparison to Widowski et al. (2008) where 13% of piglets regained consciousness following
application of a similar NPCB, the Zephyr-RS. This difference between devices emphasizes the
importance of the design of the bolt head and bolt length; the pneumatic device used in the
previous study which was also set to deliver 120 PSI, had a rounded bolt head and a bolt length
of less than half the length of the bolt used in the Zephyr-E. Although 4% of piglets in the
current study required a secondary step to reach full cardiac arrest, their heartbeat at the 15
minute endpoint was often irregular and faint, indicating their hearts may not have been beating
in a coordinated fashion. These four piglets did not show any signs of returning to consciousness;
they had ceased movement, and would have likely progressed to full cardiac arrest shortly
without a secondary step if a 15 min endpoint was not in place. It has been reported that even
after irreversible brain death, blood pressure frequently fluctuates and the heart can continue to
beat in a reduced manner for a prolonged period of time (Conci et al., 2001). Turner et al. (2012)
found that during euthanasia by CO2 in poultry, hearts continued to beat for several minutes
following brain death as confirmed by an electrocardiogram (ECG) and electroencephalogram
(EEG).
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For humans, brain death is defined as irreversible cessation of function of the entire brain,
but it is diagnosed mainly through evidence of loss of brainstem function (Wijdicks, 1995).
Clinical criteria include loss of consciousness, loss of motor responses to pain, loss of brainstem
reflexes, and apnea. Confirmatory testing can be done by electroencephalography (EEG) and is
indicated by an isoelectric recording or loss of somatosensory or audiovisual evoked potentials
(Wijdicks, 2001). In animal studies, the ‘gold standard’ for indicating brain death is often the
presence of an isoelectric recording during EEG collection, however, this technique is practically
impossible when applying physical methods for euthanasia due to the potential for damage to the
electrodes and the electrical interference caused by neuromuscular spasms (Erasmus et al.,
2010c). In the present study, it was estimated that brain death was achieved by the end of total
convulsions, at which point all movement had stopped, and all breathing and reflexes had been
absent since Zephyr-E application. The cessation of all movement along with the sustained
absence of breathing has been observed to occur at the same time as cessation of electrical
activity in the brain in poultry (Dawson, 2007& 2009; Turner et al., 2012).
Two of the 100 piglets observed in the current study were administered a secondary
euthanasia step due to concern that the technique would not cause death. Although both piglets
were determined to be insensible based on the absence of brainstem and spinal reflexes, the
piglets exhibited an abnormal convulsion pattern that persisted after additional shots were fired.
One piglet continued spontaneous movements even after anesthetic overdose. This may have
been due to individual piglet differences in convulsive or other spontaneous activity could not be
conclusively determined. In humans, it is reported that spontaneous body movements such as
head turning, flexion at the waist and arm raising may occur when patients are deemed to be
brain dead, and that handling the patient may initiate these movements that are generated by
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spinal reflexes (Wijdicks, 2001). Humans and other animals have also been reported to show
spontaneous, repetitive limb “stepping movements” when experiencing extensive brainstem
pathologies and in a comatose state (Hanna and Frank, 1995; Lee et al., 2005). Although not
specifically recorded, it was anecdotally noted that while the pupil remained nonresponsive to
light throughout the observation period, it became fully dilated at or before the cessation of TC
in the piglets in the current study. In humans, a nonresponsive, mid-sized to fully dilated pupil
coupled with apnea is indicative of brain death (Hills, 2010).
In terms of time to death, the piglets were monitored until the last beat of the heart even if
the pattern was faint or irregular. With this conservative approach, the Zephyr-E caused cardiac
arrest on average in 7 minutes, which is similar to the 6 minute time frame of CO2 (Chevillon et
al., 2004), and within the range reported for other NPCB guns causing death within 2 to 7
minutes (Widowski et al., 2008; Woods, 2012) Time of cardiac arrest was reported to be less
than 3 minutes (Widowski et al., 2008) and less than 10 minutes (Chevillon et al., 2004)
following BFT. Unlike the NPCB application used by Finnie et al (2003), which failed to cause
cardiac arrest in all piglets, the Zephyr-E successfully achieved death in a single step in 94% of
piglets. This difference among studies emphasizes the importance of placement, as the temporal
position was used by Finnie et al. (2003), which is not anatomically appropriate for swine due to
the position of the brain. Woods et al., (2011b) reported success as a single step euthanasia
technique with a NPCB (the Cash Euthanizer) when used on the forehead for swine.
In regard to the visual esthetics of the convulsion period, it is the relatively short, clonic
paddling stage that is most visible and arguably the most disturbing to an unfamiliar audience.
Verbal feedback from stock persons on each of the farms mentioned a common experience that
the extremely moribund or disproportionate piglets typically took longer to die during routine
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euthanasia on the farm. Perhaps it is the longer duration of the highly visible, clonic convulsions
giving the impression of a longer time to death, as occurrence of longer CC in piglets with a low
BMI was found in the present study. This inverse relationship of BMI and the duration of CC
may be related to a difference in neurologic or physiologic development of piglets exhibiting a
low BMI, suggested by Baxter et al. (2008). It is important to emphasize that these grand mal
convulsive movements are involuntary neuromuscular responses indicative of epileptiform brain
activity that occurs following severe concussion (Shaw, 2002) and during electrical stunning in
pigs (McKinstry and Anil, 2004). While reducing the duration of these epileptiform occurrences
may improve the esthetics of the technique, this may not be feasible because physical methods
cause severe brain damage and inducing a hyper-excitatory phase in the brain (Shaw, 2002;
Gaetz, 2004). To date, varying degrees of these convulsive movements have been reported in all
available euthanasia techniques for piglets of this size (BFT and NPCB: Chevillon et al., 2004;
Widowski et al., 2008; CO2: Raj and Gregory, 1996; Sutherland, 2010; Sadler et al., 2010a).
Overall, the Zephyr-E caused death in a timely manner comparable to other available techniques.
The convulsive period was slightly longer than the one to one and a half minutes typically seen
with BFT (Widowski et al., 2008; Chevillon et al., 2004), but was similar to other NPCB devices
falling within the range or one to four minutes reported by Woods (2012) and similar to the two
minutes reported by Widowski et al. (2008).
When considering the damage induced by the Zephyr-E in this study, severe skull
fracture and brain hemorrhage were consistently observed. CT scans confirmed the presence of
contusions directly below the site of skull fracture as well as intracranial hematoma, which is
commonly seen in fatal TBI reported in human cases (Young and Destian , 2002). Although
concussions can occur without the presence of skull fracture (Shaw, 2002), skull fractures similar
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to the severity seen here have been reported in association with fatal TBI in humans and rats
(Tseng et al., 2011; Viano et al., 2012). Not only this, but skull fragments embedded in the brain
can also cause direct damage to the brain tissue, and an association between skull fracture and
changes in the regional cerebral blood flow (rCBF) has been reported (Nedd et al., 1993).
Macroscopic assessment confirmed the presence of severe skull fractures and widespread brain
hemorrhage that was easily visible to any observer during gross dissection. This was similar to
the lethal damage reported by Whiting et al. (2011) and Widowksi et al. (2008). Subcutaneous
and subdural hematomas were evident in all piglets euthanized by the Zephyr-E. Not only was
hemorrhage widespread on the surface of the brain in close proximity to the site of impact, but
also on the opposing, ventral surface of the brainstem. This type of distant injury is considered
representative of a coup/contrecoup contusion (Gaetz, 2004), suggesting that the Zephyr-E
caused sufficient concussive force to jolt the brain within the cranium. Alternatively, the ventral
hemorrhage reported during macroscopic scoring may have been a result of blood pooling,
although blood clots were removed from the surface prior to scoring in an attempt to reduce
inflated scores. In contrast to the very mild, localized parenchymal hemorrhage reported in
piglets surviving head impact (Duhaime et al., 2000; Finnie et al., 2003), the subdural and
parenchymal microscopic scores seen in the present study were widespread and categorized
predominantly as moderate. Both subdural and parenchymal hemorrhage were reported in all
brain sections of every piglet confirming the presence of brainstem damage (Shaw, 2002) as well
as damage to the cortex and subcortical tissue. TBI resulting in suppression of signal generation
and transduction to the reticular cells of the brainstem are believed to be associated with loss of
consciousness (Gaetz, 2004). Evidence of subdural and parenchymal rupture of blood vessels
and surrounding cell death in all of the piglets examined suggests the combination of a focal and
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diffuse injury which is commonly seen in moderate to severe TBI (Gaetz, 2004). Overall, all
three modes of post-mortem assessment confirm moderate to severe widespread damage was
caused by the Zephyr-E.
There are few reports in the literature on the repeatability of euthanasia techniques
performed by multiple stock people. Unlike, Widowski et al. (2008) who reported no significant
differences in cessation of leg movements or heartbeat among stock persons, the current study
found variation in the duration of heartbeat when euthanasia was performed by several
individuals within the group. Although some variation in the means for HB durations did exist,
the degree of differences did not reduce the effectiveness of the technique, as all piglets died in a
timely manner. The equipment received positive feedback from the majority of participating
stock persons, reporting a high degree of confidence that the technique was successful similar to
the results of Whiting et al. (2011). Overall feedback regarding the esthetics of the Zephyr-E was
positive.
In conclusion, based on evidence to support immediate insensibility, a timely death,
severe TBI, and positive stock person feedback, the Zephyr-E is a practical, humane alternative
for euthanasia of neonatal piglets on the farm. These results confirm the recommendation
provided by the National Pork Board, AASV, and OIE that a non-penetrating captive bolt may
be used as a single step euthanasia technique for neonatal piglets up to 5 kg.

42

Tables and Figures.

Table 3.1 Macroscopic scoring system (Adapted from Erasmus et al 2010b). Fracture Score:
skull fracture (SK). Hemorrhage Scores: subcutaneous (SC), subdural-dorsal (SDD), subduralventral (SDV).
Fracture Score Description

Hemorrhage Score Description

Score

SK

SC

0

No fractures, intact skull

No hemorrhage

1

Hairline fractures, no separation of bone

Less than 25% of surface area covered

One to two complete fully separated
fractures or single depressed fracture
More than just a single depressed fracture,
3-5 complete fractures
More than 5 complete fractures, fully
fragmented skull

2
3
4

N/A

5

SDD

SDV

26- 50% of surface area covered
51-75% coverage
76-99% coverage
Complete coverage

Table 3.2 Microscopic scoring system. Subdural (SDH) and parenchymal (PH) hemorrhage was
determined by the percent of the total slide covered by hemorrhage (Erasmus et al., 2010b).
Score

Percent Slide Coverage

0

None (0%)

1

Minimal (<5%)

2

Mild (<10%)

3

Moderate (<30%)

4

Marked (>30%)
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Table 3.3 Distribution of macroscopic scores for subcutaneous (SC), subdural-dorsal (SDD), and
subdural-ventral (SDV) hemorrhage and skull fracture (SK). For SC, SDD, and SK n=100. Three
SDV scores were missing from the records (n=97).
SCORE

0

1

2

3

4

5

SC
SDD
SDV

0
0
0

3
1
0

20
22
17

22
34
32

35
35
42

20
8
6

SK

0

0

67

33

0

N/A

Table 3.4 Distribution of microscopic scores for subdural (SDH) and parenchymal (PH)
hemorrhage within each brain section. N= 10 brains for both SDH and PH with each brain
divided into 3 coronal sections. There were no differences among sections for SDH (p=0.2302).
There cerebral cortex had more severe hemorrhage scores as compared to the midbrain and
brainstem sections for PH (p=0.0328). Letters indicate significant differences among brain
sections.
Brain Section

Cerebral cortex

Midbrain

Brainstem

SCORE

0

1

2

3

4

0

1

2

3

4

0

1

2

3

4

SDH

0

0

2

6

2

0

0

1

8

1

0

3

2

4

1

1

0

Section Means (±SE)

PH
Section Means (± SE)

3.0 ± 0.21

0

5

0

4

3.0 ± 0.12

1

2.1 ± 0.38a

4

3

3

0.9 ± 0.28b
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2.3 ± 0.33

0

0

3

4

2

1.1 ± 0.31b

Table 3.5 Distribution of microscopic scores for the highest subdural (SDH) and parenchymal
(PH) hemorrhage scores reported for each entire piglet brain (n=10).
SCORE

0

1

2

3

4

SDH

0

0

0

6

4

PH

0

3

1

5

1
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Figure 3.1 Cumulative percentage of piglets ceasing clonic convulsions (CC) across time.
Time point 0 indicates the time immediately following Zephyr-E application. Ninety six
percent of piglets ceased CC in < 5 min with all piglets ceasing CC in < 9 minutes.
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Figure 3.2 Cumulative percentage of piglets achieving brain death across time. Time of brain
death was estimated to be the time of cessation of total convulsions (TC) in combination with
the prolonged absence of breathing and reflexes. Time point 0 indicates the time immediately
following Zephyr-E application. Ninety eight percent of piglets achieved brain death in < 7
min with all remaining piglets ceasing TC in < 9 min.
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Figure 3.3 Cumulative percentage of piglets achieving cardiac arrest across time. Time of
cardiac arrest was determined by the complete absence of heartbeat by auscultation or
palpation. Time point 0 indicates the time immediately following Zephyr-E application. Ninety
four percent of piglets achieve cardiac arrest in < 15 min. The remaining 6 piglets required a
secondary step and were not included in the duration results.
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Log Duration of Heartbeat (sec)

6.5

6

5.5
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4.5

4
1
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Farm 1: RS
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Farm 3:C2

Farm 2: C1

8

9

10

Farm 4: C3

Stock Person
Figure 3.4 Stock person (SP) had a significant effect on time to cardiac arrest (p=0.0053).
Although the majority of stock people had differing means from at least one other person, SP 3
and 9 had the shortest durations and differed from ≥ 4 SP. Raw mean duration of Heartbeat:
420 sec (±13.6 SE)
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Log Duration of Convulsions (sec)
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Figure 3.5 BMI as a covariate had a negative effect on the duration of clonic convulsions
(CC). As BMI increased the durations of CC decreased (p=0.0227). Raw mean duration of
CC: 101 sec (± 7.4 SE).
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Figure 3.6 Computed tomography scan image of piglet euthanized with the Zephyr-E. Example
of typical fracture displacement associated with application of the Zephyr-E in suckling piglets.
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Figure 3.7 Photomicrographs of subdural hemorrhage (20x magnification) and parenchymal
hemorrhage (100x magnification) of piglets euthanized with the Zephyr-E.
A. Example of subdural hemorrhage

B. Example of parenchymal hemorrhage
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CHAPTER 4
Effectiveness of a Non-penetrating Captive Bolt for Inducing Cardiac Arrest in
Anesthetized Piglets Ranging from 3 to 9 kg

4.1 Abstract
A previous study (Chapter 3) indicated that a non-penetrating captive bolt, the Zephyr-E,
was effective for euthanasia of 100 neonatal piglets based on immediate and sustained
insensibility until full cardiac arrest. The objective of the current study was to determine whether
the Zephyr-E is capable of inducing cardiac arrest in weaned piglets up to 9 kg. Since this was a
novel technique for piglets ≥ 5.5 kg, all piglets (n=20) were anesthetized with 71.4 mg/ml
ketamine, 14.3 mg/ml xylazine and 1.4 mg/ml butorphanol 0.2 mL/kg IM prior to Zephyr-E
application to ensure insensibility. The Zephyr-E was placed on the frontal bone between the
eyes and fired twice in rapid succession, followed by one shot to the back of the skull behind the
ear. Piglets were monitored for rhythmic breathing, convulsions, and heart beat until full cardiac
arrest. Computed tomography (CT) scans were used to determine hemorrhage severity (HS) and
skull fracture displacement (FD), macroscopic scoring was used to assess brain hemorrhage and
skull fracture severity, and microscopic scoring was used to assess subdural (SDH) and
parenchymal (PH) hemorrhage within 3 specific brain regions responsible for consciousness and
vital function (cerebral cortex, midbrain, and brainstem). All data was analyzed in SAS 9.2.
Linear regression analyses tested for relationships between the duration of convulsions and
heartbeat with either body weight (BW) or body mass index (BMI). A linear regression analysis
was also run to test for the effect of BW or BMI on FD. Hemorrhage data was rank transformed
and a two-way analysis of variance was run on the ranked data to test the effects of brain sections
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and weight class on hemorrhage scores. The Zephyr-E caused death in 95% of the piglets
without a secondary step. On average clonic convulsions ceased in 66.4 sec (± 5.3 SE), brain
death was achieved in 148.9 sec (±12.7 SE), and cardiac arrest was achieved in 386.6 sec (± 23.2
SE). There were no significant differences in HS among the weight categories. FD averaged
9.4mm (± 0.8 SE). FD increased with weight (p=0.0018) as well as with BMI (p=0.0059).
Moderate to severe macroscopic damage was reported in ≥ 90% of piglets. Microscopic analysis
showed mild to moderate subdural hemorrhage (SDH) and minimal to mild parenchymal (PH)
hemorrhage with higher scores in the cerebral cortex than in mid-brain and brain stem for both
SDH (p<.0001) and PH (p<.0001). The Zephyr-E effectively induced cardiac arrest in larger
weaned piglets up to 9kg. Since insensibility data could not be collected due to the presence of
anesthesia, a subsequent study tested the effectiveness of the Zephyr-E on conscious piglets up to
9 kg to ensure the technique can be carried out humanely in commercial settings.

4.2 Introduction
On commercial swine operations, entry into the nursery stage is an especially stressful
period for piglets as they are removed from their mothers and mixed with new pen-mates
exposing them to social stressors and a variety of diseases (Hameister et al., 2010). It has been
suggested that euthanasia of low birth weight or otherwise compromised piglets upon entry into
the nursery may provide both economic and welfare benefits as the survivability of these piglets
through the nursery and finishing stages is typically low (Morrow et al., 2006; Fix et al 2010).
Furthermore, euthanasia may be required for piglets with newly acquired disease or injuries, with
the greatest losses within the first 4 weeks in the nursery stage (Larriestra et al., 2006).
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The most common methods for euthanasia of piglets of this size are manual blunt force
trauma (BFT) and penetrating captive bolt (Matthis, 2004). However, the average and weight of
a piglet in the first 4 weeks of the nursery is 6-9 kg (Schinckel et al., 2003), a weight that
exceeds the recommended range for use of BFT and yet is likely too small for the power and
mechanism of a penetrating captive bolt. As a result, a non-penetrating captive bolt (NPCB) was
recently added to the list of recommended euthanasia methods for newly weaned piglets with the
requirement of a secondary step (NPB, 2009). While a NPCB has the potential to be a useful
alternative method for piglets in this stage, the requirement to use a secondary step, typically
exsanguination, reduces the practicality and esthetics of the technique for the operator.
In Chapter 3, a NPCB, the Zephyr-E, was shown to be highly effective for euthanasia of
neonatal piglets. By causing severe traumatic brain injury (TBI), the Zephyr-E induced
immediate loss of consciousness and rapid death. Based on these results, there is sufficient
information to suggest the technique may be applicable to larger weaned piglets as a single step
euthanasia method.
The objective of this study was to test the Zephyr-E as a single step euthanasia technique
for piglets from 3 kg to 9 kg. Since this was a novel approach for piglets > 5.5 kg, all piglets
were anesthetized prior to Zephyr-E application to minimize any pain and suffering in the event
that the technique was not successful. The durations of convulsions and heartbeat were used to
determine whether or not the Zephyr-E was capable of reliably causing death in piglets within
this weight range. Data on loss of sensibility could not be gathered because the piglets were
anesthetized, but damage was assessed post mortem to determine the degree of TBI inflicted by
the Zephyr-E.
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4.3 Methods
4.3.1 Euthanasia Device
Specifications for the device and methods of application were the same as those given in
Chapter 3.

4.3.2 Animals and Procedures
The Zephyr-E was used by one stock person to euthanize 20 piglets from one research
farm (University of Guelph, Arkell Research Station). Piglets were chosen based on weight, with
5 piglets selected from each of four weight classes (3 kg: 2.5-3.9 kg; 5 kg: 4.0-5.9 kg; 7 kg: 6.07.9 kg; 9 kg: 8.0-10.2 kg). Whenever possible, low viability piglets selected for euthanasia as
part of standard barn protocol were used in the study. Since this was a novel technique as a
single step method for piglets greater than 5.5 kg, all piglets were anesthetized prior to
application of the Zephyr-E to ensure insensibility. Piglets were administered an injectable
anesthetic (71.4 mg/mL ketamine, 14.3 mg/mL xylazine and 1.4 mg/mL butorphanol 0.2 mL/kg
IM) by a veterinarian. Piglets were observed for signs indicating that surgical anesthesia was
reached characterized by loss of posture, loss of palpebral and corneal reflex, and loss of
withdrawal responses to nose prick and toe pinch (Kaiser et al., 2006). Rhythmic breathing and
pupillary reflexes were maintained. When the desired level of anesthesia was achieved, each
piglet was manually restrained on its sternum on a stainless steel surgical table. Two shots from
the NPCB were administered rapid fire on the frontal bone (NPB-04259-01/09), followed
immediately by one shot delivered to the back of the skull behind one ear.
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4.3.3 Ante Mortem Data Collection
Immediately after Zephyr-E application, piglets were visually monitored for the onset and
duration of clonic and tonic convulsions and breathing. The duration of clonic convulsions (CC)
began at the onset of convulsive movements until the start of rigid extension of the tonic
convulsion phase. The total convulsions (TC) consisted of the combined duration of clonic,
paddling convulsions and rigid, tonic convulsions. The cessation of all movement at the end of
TC along with the sustained absence of breathing since the time of Zephyr-E application was
used to estimate time of brain death (Dawson, 2009). Pupils were also monitored and used as
further evidence of brain death when the pupil was fixed and fully dilated (Hills, 2010).
Heartbeat duration (HB) was recorded by palpation and auscultation. The research protocol
required that in the event that the method did not cause cardiac arrest within 15 minutes, an
alternative euthanasia technique [Pentobarbital Sodium (340mg/mL) 0.3mL/kg IV] was used.
Piglets were individually identified for post-mortem measures.

4.3.4 Post-mortem Damage Assessment
Computed tomography (CT) scans for all 20 piglets were completed within three hours of
euthanasia by technicians at the Ontario Veterinary College Department of Radiology. Images
were later evaluated by a board certified veterinary radiologist (S. Nykamp) for hemorrhage
severity (HS) and fracture displacement (FD) as described in Chapter 3. All 20 piglets were
scored macroscopically during gross dissection for brain hemorrhage and skull fracture as
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described in Chapter 3. Prior to dissection, each piglet was weighed (kg) and crown to rump
length was recorded (cm) to calculate body mass index (BMI= mass(kg)/length (m2).
All 20 brains were then fixed in 10% buffered formalin for at least 7 days and sections
were prepared from the cerebral cortex, mid-brain and brainstem for histological analysis. Brains
were scored by a veterinary pathologist (PV Turner) for subdural hemorrhage (SDH) and
parenchymal hemorrhage (PH) as described in Chapter 3.
4.3.5 Statistical Analysis
All statistical analyses were computed in SAS 9.2 (SAS Inst. Inc., Cary, NC). Linear
regression analyses were used to assess relationships between body weight (BW) and the
durations of CC, TC, and HB, respectively. Linear regression analyses were also used to
determine relationships between BMI and the duration of CC, TC, and HB. Durations of CC, TC,
and HB were dependent variables. Linear regression analyses were used to determine
relationships between FD and BW or BMI, as well as relationships between skull thickness and
BW or BMI. Data were assessed for normality using Shapiro-Wilk analyses. The duration of TC
and HB were sine-transformed to normalize the data. Raw means and standard errors are
presented in the results.
Hemorrhage data were rank transformed (Akritas, 1990) using proc RANK. A one-way
analysis of variance was run on the ranked data to test the effects of brain section on hemorrhage
scores for HS, SK, SC, SDD, and SDV and a two-way analysis of variance was run on the
ranked microscopic data to test the effects of brain section and weight class for SDH and PH.
Statistical significance was defined as P < 0.05.
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4.4 Results
4.4.1 Ante Mortem Assessment
Nineteen piglets achieved full cardiac arrest within 386.6 sec (± 23.2 SE). One piglet (2.5
kg) required an alternative method due to irregular gasping and a sustained heartbeat. The piglet
continued to gasp after pentobarbital administration even though no discernible heartbeat was
present. This piglet was removed from all duration data but was included in the post-mortem
damage assessment. One other piglet (8.7 kg) required an additional shot from the Zephyr-E after
what appeared to be a misfire of the first position of the gun. This produced noticeably less
damage on the forehead and resulted in a delay in the onset of convulsions. The additional shot
was fired and immediately induced convulsions. The piglet achieved full cardiac arrest without
any further problems.
The remaining 19 piglets had an average duration of 66.4 sec (± 5.3 SE) for CC and
148.9 sec (±12.7SE) for TC. The cumulative percentages of piglets ceasing CC, TC, and HB
over time are described in Figures 4.1, 4.2, and 4.3 respectively.
There was a positive linear relationship between BW and the duration of CC (p=0.0471,
R2=0.2123; Figure 4.4) with the duration of CC increasing as BW increased. There were no
significant relationships between BW and the duration of TC (p=0.3101) or HB (p=0.8978).
There were no linear trends between BMI and CC (p=0.1383), TC (p=0.3301) or HB (p=0.7732).
4.4.2 Post Mortem Damage Assessment
CT results showed no significant differences in HS among weight categories; however,
the 9 kg category showed a trend of lower scores than the 3, 5, and 7 kg categories (p=0.0568).
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The average HS score was 0.95 ± 0.1SE. The mean FD for the group of 20 piglets was 9.4 mm
(± 0.8SE). There was a significant positive linear relationship between FD and BW (p=0.0018,
R2=0.4278; Figure 4.5) as well as between FD and BMI (p=0.0059, R2=0.3633; Figure 4.6). As
BW or BMI increased, FD increased as well. Skull thickness had a positive linear relationship
with BW (p=0.0053, R2=0.3579: Figure 4.7) and BMI (p=0.0049, R2=0.3633: Figure 4.8).
For macroscopic scoring, the most frequent SK score was moderate damage, with 60% of
piglets with a score of 2. The majority of hemorrhage scores, 92%, were moderate to severe. The
most frequent score for both SC and SDV was 3, whereas as score of 4 was the most frequent for
SDD. There were no significant differences in macroscopic scores among weight categories;
however, SDV showed a trend of lower scores in the 9 kg weight class as compared to the 3 kg
and 7 kg classes (p=0.0952).The mean macroscopic scores for each weight category are reported
in Table 4.1.
Frequency distributions for microscopic scores for subdural and parenchymal
hemorrhage are given in Table 4.2. There were significant differences in the mean ranks of SDH
scores for weight category (p=0.0067) and brain section (p<.0001) (Table 4.3). The 9 kg weight
category had significantly lower SDH scores than the 3 kg and 5 kg groups. When comparing the
brain sections, the cerebral cortex had significantly higher SDH scores than the midbrain and
brainstem sections. For PH scores, there were significant differences among brain section
(p<.0001) but not for weight category (p=0.6303) (Table 4.4). Again the cerebral cortex had
significantly higher scores than both the midbrain and brainstem sections. The greatest amount
of SDH and PH reported was found in the cerebral cortex section regardless of weight category.
PH was noticeably less frequent in the midbrain and brainstem sections with 95% and 100% of
slides from those regions respectively reporting no visible hemorrhage. When looking at each
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brain as a whole, SDH was present in every piglet brain, and PH was found in all but one piglet
brain. SDH was predominately mild to moderate and PH was predominately minimal to mild.
There were no significant differences in whole brain SDH (p=0.5505) or PH (p=0.5847) scores
among the weight categories (Table 4.5).

4.5 Discussion
The Zephyr-E was effective for causing death in anesthetized piglets up to 9 kg.
Estimated time of brain death occurred in the majority of piglets in less than 3 minutes and 30
seconds, with the most visible convulsions (clonic) lasting on average just over 1 minute. All but
one piglet achieved death without an alternative method, with 90% of piglets reaching cardiac
arrest in less than 8 minutes. Not only does this provide evidence that the technique may be
effective for on farm euthanasia of larger, weaned piglets, but it also indicates that time to
estimated brain death and cardiac arrest may actually be shorter in larger piglets than for
neonates (Chapter 3).
Although the technique was effective in 90% of the piglets euthanized, 2 piglets required
further examination. One 8.7 kg piglet did not immediately commence convulsions following
Zephyr application; however, it was immediately apparent that this was a result of improper
positioning of the gun. The damage was noticeably less and likely resulted from not placing the
barrel flush with the forehead of the piglet. A second shot was immediately reapplied to the
forehead and convulsions began immediately with the piglet progressing to death without any
further problems. A second piglet required pentobarbital administration of as an alternative
method as the responses seen were atypical and it was unclear whether cardiac arrest would be
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achieved. The piglet remained insensible as a result of the anesthesia, but exhibited an irregular
convulsion pattern and sporadic gasping continued briefly even after administration of
pentobarbital.
Post mortem results confirmed that the Zephyr-E induced traumatic brain injury with
damage seen at the site of Zephyr-E application, as well as over the brain surface and throughout
the brain tissue. FD had a positive linear relationship with weight indicating that the larger
piglets consistently had greater FD. The same relationship was also true for BMI. This may be a
result of the thicker, more calcified skulls in the larger piglets. Although skull fracture is not
necessary for severe TBI, significant skull fractures are associated with more severe and often
fatal TBI (Tseng et al., 2011). In the current study, the force of the Zephyr-E was sufficient to
cause concussion and direct damage (skull fracture) leading to brain death and cardiac arrest.
Although fractures were more severe in these larger weaned piglets in comparison to the
neonates of Chapter 3, hemorrhage was less severe, especially in the largest, 9 kg weight
category. Even though moderate to severe damage was readily visible across the weight
categories during gross dissection, reduced hemorrhage was present on the ventral surface of the
brain in the largest weight class. CT scans and microscopic scoring confirmed mild HS and
minimal to mild SDH and PH, with particularly low scores in the midbrain and brainstem of
larger piglets. While the less severe hemorrhage in the largest weight category and in the deeper
regions of the brain could be indicative of less severe damage in the larger piglets, it is also
possible that the increased FD or shorter durations for convulsions and heartbeat lead to less
bleeding in the brain. The use of anesthetics could have had an impact as well, because
anesthetics are known to effect cardiac and respiratory function to varying degrees (Brown,
1994; Plumb, 2005). Regardless, microscopic examination indicated subdural hemorrhage was
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present in the brainstems of 14 of the 20 piglet brains obtained and in the cortical sections from
all of the piglets. Additionally, there was microscopic evidence for parenchymal damage in the
cortical sections from 19 of the 20 piglets. Although consciousness was previously thought to be
an exclusive function of the brainstem, current thinking is that the cortical region and thalamus
also play critical roles in maintaining consciousness since they are directly involved in signalling
to the reticular cells of the brainstem (Foltz and Schmidt, 1956; Kinney et al., 1994; Turner and
Knapp 1995; Gaetz, 2004). Frank damage to either of these areas prevents regional oxygenation
by direct rupture of blood vessels or by secondary ischemia resulting from intracranial pressure
(Gaetz 2004; Fritz et al., 2005). With evidence of damage present throughout the brain, our data
suggests that sufficient TBI can be induced in larger, weaned piglets on farm to render piglets
unconscious and cause disruption of autonomic control of respiratory and cardiac function.
In conclusion, the overall results of this laboratory study indicated that sufficient brain
damage was caused by the Zephyr-E that led to death in piglets up to 9 kg. Therefore the next
stage was to test the Zephyr-E for euthanasia of conscious piglets up to 9 kg in an on-farm
situation.
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Tables and Figures.
Table 4.1 Mean macroscopic scores (± SE) for each weight class. There were no significant
differences in macroscopic scores among weight classes; however, the 9 kg weight class showed
a trend of lower subdural-ventral (SDV) scores in comparison to the 3 and 7 kg weight classes
(p=0.0952). N=20 for subcutaneous (SC), subdural-dorsal (SDD), SDV, and skull fracture (SK).
Symbols represent trends among weight categories within each scoring category.
Weight Class (kg)
3
(2.5-3.9)
5
(4.0-5.9)
7
(6.0-7.9)
9
(8.0-9.2)

SC

SDD

SDV

SK

3.4 (±0.5)

4.2 (±.3)

2.8 (±0.3)*

2.6 (±0.2)

2.8 (± 0.2)

3.6 (± 0.2)

2.6 (±0.4)*†

2.4 (±0.3)

3.0 (±0.5)

3.4 (±0.4)

3.0 (±0)*

2.2 (±0.3)

3.4 (±0.2)

3.2 (±0.3)

1.8 (±0.2)†

2.2 (±0.2)

Table 4.2 Distribution of microscopic scores among weight classes and brain sections for
subdural (SDH) and parenchymal (PH) hemorrhage. N=5 brains for each weight class with each
brain divided into 3 coronal sections. The mode for each section is highlighted.
Weight
Class
Score
3 kg
5 kg
7 kg
Subdural
9 kg
Section
Totals
3 kg
5 kg
7 kg
Parenchymal
9 kg
Section
Totals

Cerebral cortex

Midbrain

Brainstem

0
0
0
0
0

1
0
0
0
0

2
2
2
2
4

3
3
3
3
1

4
0
0
0
0

0
0
1
2
3

1
1
1
1
1

2
4
3
2
1

3
0
0
0
0

4
0
0
0
0

0
0
0
2
4

1
2
4
1
0

2
2
1
1
1

3
1
0
1
0

4
0
0
0
0

0

0

10

10

0

6

4

10

0

0

6

7

5

2

0

0
1
0
0

4
1
4
1

0
3
1
4

1
0
0
0

0
0
0
0

4
5
5
5

0
0
0
0

1
0
0
0

0
0
0
0

0
0
0
0

5
5
5
5

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

1

10

8

1

0

19

0

1

0

0

20

0

0

0

0
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Table 4.3 Mean scores (±SE) for subdural (SDH) hemorrhage across different weight classes
and brain sections. N=5 brains for each weight class with each brain divided into 3 coronal
sections. There were significant differences in SDH scores for both brain section (p<0.0001) and
weight class (p=0.0067). Letters identify significant differences among brain sections and
symbols identify significant differences among weight classes.
Weight Class (kg)
3
(2.5-3.9)
5
(4.0-5.9)
7
(6.0-7.9)
9
(8.0-9.2)
Brain Section
Means

Cerebral Cortex

Midbrain

Brainstem

Weight Class
Means

2.6 ± 0.2

1.8 ± 0.2

1.8 ± 0.4

2.1 ± 0.2*

2.6 ± 0.2

1.4 ± 0.4

1.2 ± 0.2

1.7 ± 0.2*

2.6 ±0.2

1 ± 0.4

1.2 ± 0.6

1.6 ± 0.3*†

1.8 ± 0.2

0.6 ± 0.4

0.4 ± 0.4

0.9 ± 0.3†

2.4 ± 0.1a

1.2 ± 0.2b

1.2 ± 0.2b

Table 4.4 Mean scores (±SE) for parenchymal (PH) hemorrhage across different weight classes
and brain sections. N=5 brains for each weight class with each brain divided into 3 coronal
sections. There were significant differences in PH scores for brain section (p<0.0001) but not
weight class (p=0.6303). Letters identify significant differences among brain sections.
Weight Class (kg)
3
(2.5-3.9)
5
(4.0-5.9)
7
(6.0-7.9)
9
(8.0-9.2)
Brain Section
Means

Cerebral Cortex

Midbrain

Brainstem

Weight Class
Means

1.4 ± 0.4

0.4 ± 0.4

0±0

0.6 ± 0.2

1.6 ± 0.4

0±0

0±0

0.5 ± 0.2

1.2 ± 0.2

0±0

0±0

0.4 ± 0.2

1.8 ± 0.2

0±0

0±0

0.6 ± 0.2

1.5 ± 0.2a

0.1 ± 0.1b

0 ± 0b
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Table 4.5 Mean scores (±SE) for highest subdural (SDH) and parenchymal (PH) hemorrhage
scores across weight classes (n=5) for each piglet brain. Means were compiled from the highest
SDH and PH scores from each brain as a whole regardless of section of origin. There were no
significant differences in scores for SDH (p=0.5505) or PH (p=0.5847) among weight classes.

Weight Class (kg)
3
(2.5-3.9)
5
(4.0-5.9)
7
(6.0-7.9)
9
(8.0-9.2)

Highest SDH

Highest PH

2.6 ± 0.2

1.4 ± 0.4

2.6 ± 0.2

1.6 ± 0.4

2.6 ± 0.2

1.2 ± 0.2

2.2 ± 0.2

1.8 ± 0.2
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Figure 4.1 Cumulative percentage of piglets ceasing clonic convulsions (CC) across time.
Time point 0 indicates the time immediately following Zephyr-E application. Ninety five
percent of piglets ceased CC in < 2 min with all piglets ceasing CC in < 3 minutes.
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Figure 4.2 Cumulative percentage of piglets achieving brain death across time. Time of brain
death was estimated to be the time of cessation of total convulsions (TC) in combination with
the prolonged absence of breathing and reflexes. Time point 0 indicates the time immediately
following Zephyr-E application. Ninety three percent of piglets achieved brain death in < 4
min with all remaining piglets ceasing TC in < 6 min.
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Figure 4.3 Cumulative percentage of piglets achieving cardiac arrest across time. Time of
cardiac arrest was determined by the complete absence of heartbeat by auscultation or
palpation. Time point 0 indicates the time immediately following Zephyr-E application. Ninety
five percent of piglets achieve cardiac arrest in < 9 min with 99% of piglets ceasing heartbeat
in < 11 min. One piglet required a secondary step and was not included in the duration results.
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Figure 4.4 Positive linear relationship between the duration of clonic convulsions (CC) and
body weight (BW: p=0.0471). The durations of CC increased as BW increased. Raw mean
duration of CC: 66.4 sec (± 23.2).
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Figure 4.5 Positive linear relationship between fracture displacement (FD) and body weight
(BW: p=0.0018). FD increased as BW increased.. Raw mean duration of TC: 148.9 sec (± 12.7
SE).
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Figure 4.6 Positive linear relationship between fracture displacement (FD) and BMI
(p=0.0059). FD increased as BMI increased.
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Figure 4.7 Positive linear relationship between the skull thickness and body weight (BW:
p=0.0053). Skull thickness increased as BW increased.
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Figure 4.8 Positive linear relationship between skull thickness and BMI (p=0.0049). Skull
thickness (ST) increased as BMI increased.
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CHAPTER 5
The Effectiveness of Non-Penetrating Captive Bolt for Euthanasia of Piglets
Ranging from 3 – 9 kg

5.1 Abstract
The objective of this study was to determine the effectiveness of the Zephyr-E for euthanasia of
suckling and weaned piglets from 3 kg to 9kg (5-49 days of age). The Zephyr-E was used by 15
stock people from two research stations and four commercial farrowing and nursery units to
euthanize 150 compromised piglets by placing the Zephyr-E on the frontal bone and firing twice
in rapid succession. Brainstem and spinal reflexes, convulsions, and heartbeat were used to
assess time of brain death and cardiac arrest following Zephyr-E application. The degree of
hemorrhage severity (HS) and skull fracture displacement (FD) was quantified from computed
tomography (CT) scans, macroscopic scoring was used to assess brain hemorrhage and skull
fracture severity, and microscopic scoring was used to assess subdural (SDH) and parenchymal
(PH) hemorrhage within specific brain regions that are responsible for consciousness and vital
function. Mixed model analyses of variance were used to determine differences among stock
persons with either age, body weight (BW) or the interaction or age, body mass index (BMI), or
the interaction as covariates. Linear regression analyses tested for relationships between FD and
age, BW, or the interaction as well as for relationships between FD and age, BMI or the
interaction. Hemorrhage data were rank transformed and a two-way analysis of variance was run
on the ranked data to test the effects of brain sections and weight class on hemorrhage scores.
The Zephyr-E caused immediate, sustained insensibility until death in 98.6% of piglets. Clonic
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convulsions (CC) ceased in < 3 min in 95% of piglets. Total convulsions (TC) ceased in <4 min
in 93% of the piglets and cardiac arrest was achieved in 95% of piglets in <7 min. Stock person
variation was significant for duration of TC (p=0.0225) and duration of HB (p=0.0369). With
age, weight, and the interaction as covariates, age had a positive effect on the duration of CC
(p=0.0092), TC (p=0.0025), and HB (p=0.0068) with younger piglets having a shorter duration
than older piglets. With age, BMI, and the interaction as covariates, the interaction had a
significant effect (p=0.0071) and BMI had a negative effect (p=0.0076) on the duration of CC.
Old piglets with lower BMI had longer durations of CC. Average fracture displacement was 8.3
mm (± 1.0SE). Macroscopic scores were significantly different among weight classes for
subcutaneous (SC: p=0.0402) and subdural-ventral (SDV: p=0.0037) hemorrhage with lower
hemorrhage scores in the 9 kg weight class. Microscopic scores differed among brain sections
(p=0.0070) for SDH with lower scores from sections taken from the brainstem compared to those
from the cerebral cortex and thalamus. There were also differences among brain sections
(p=0.0052) as well as weight class (p=0.0128) for parenchymal hemorrhage (PH) with the lowest
scores in the thalamus, brainstem and 7 and 9 kg weight classes. The Zephyr-E was highly
effective for the euthanasia of piglets up to 9kg (49 days) based on immediate insensibility until
death. Post-mortem results indicate severe skull fracture and widespread brain hemorrhage.

5.2 Introduction
For suckling piglets, the transition into the nursery stage is a particularly stressful time.
During this period, weak, injured or diseased piglets are at a significantly higher risk of mortality
(Hameister et al., 2010), and it has been shown that euthanasia of compromised nursery pigs is
76

not only the most humane option for the individual piglet, but it also improves overall welfare of
the herd and is the most economically viable option for the producer (Morrow et al., 2006).
Given the relatively large numbers of animals involved, physical methods of euthanasia,
specifically manual blunt force trauma, has traditionally been one of the most practical for the
farrowing house and nursery (Matthis, 2004). However, piglets grow rapidly from 1.5 kg at birth
to 13 kg by 7 weeks of age (Schinckel et al., 2003) making euthanasia during the late suckling
and nursery phase uniquely difficult because of the size of the pig (Matthis, 2004).
Because the amount of force required by the stock person to inflict sufficient brain injury
may be too great to ensure a humane death, BFT is not recommended for use on piglets > 5.5 kg
(NPB, 2009). Captive bolt guns provide a mechanical approach to physical methods, reducing
the reliance on stock person strength. In a survey of over 300 stock people regarding their
perceptions about euthanasia, Matthis (2004) reported that although penetrating captive bolt gun
was the second most commonly used method for nursery piglets, over 20% of respondents felt
that operator safety was a potential problem. Additionally, over 40 % of respondents reported
that the open wound left on the head of the piglet by the penetrating captive bolt was unsightly or
upsetting (Matthis, 2004). A non-penetrating captive bolt also effectively mechanizes physical
methods, improving repeatability, while providing an appropriate amount of force to cause
insensibility and death without penetration of the skull, improving the esthetics of the task.
In Chapter 4, the Zephyr-E was shown to effectively cause death in anesthetized piglets
ranging in size from 3 to 9 kg. The objectives of the present study were to test the Zephyr-E for
euthanasia on conscious piglets ranging from 3 to 9 kg by determining the time to insensibility
and death as well as by comparing the degree of skull fracture and brain damage caused by the
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Zephyr-E in piglets of this size. A portable sling was also used as a restraint device to improve
worker safety and animal welfare.
5.3 Methods
All procedures were approved by the Animal Care Committee at the University of
Guelph as well as by the University Committee on Animal Care and Supply (UCACS) and the
Animal Research Ethics Board (AREB) at the University of Saskatchewan.
5.3.1 Euthanasia Device
Specifications for the device and methods of application were the same as those given in
Chapter 3.
5.3.2 Animals and Procedures
The Zephyr-E was used at two research farms (University of Guelph, Arkell Swine
Research Station and University of Saskatchewan, Prairie Swine Research Station) and four
commercial farrowing and nursery units in Ontario and Saskatchewan to euthanize a total of 150
compromised piglets. Fifteen stock people who were responsible for routine euthanasia within
the barns were trained in the use of the Zephyr-E and each euthanized 10 piglets. Stock persons
(SP) 1, 2, 3 and 4 were from commercial farm 1 (C1), SP 5, 6 and 7 were from commercial farm
2 (C2), SP 8 was from commercial farm 3 (C3) and SP 10, 11, 12, and 13 were from commercial
farm 4 (C4) in Saskatchewan. Farms C1-C3 were all in southern Ontario. SP 9 was from the
Ontario Research Station (R1) and SP 14 and 15 were from the Saskatchewan Research Station
(R2). All Saskatchewan trials were run by a research technician from the University of
Saskatchewan who was trained in Zephyr-E use and ante-mortem and post-mortem data
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collection. Following training, the technician assisted in ante- and post-mortem data collection at
C2 in Ontario prior to running trials in Saskatchewan.
Piglets were selected from four weight classes: 3 kg= 2.5-3.9 kg (n=55); 5 kg= 4.0-5.9 kg
(n=45); 7kg= 6.0-7.9 kg, (n=25); 9kg= 8.0-9.9 kg (n-25). All of the piglets used in the study were
compromised (injury, illness, or unthrifty) and required euthanasia according to standard barn
protocol. Due to difficulties acquiring compromised piglets in the 7 to 9 kg range, sample sizes
were reduced in both of those classes. Based on results from Chapter 3, power analyses were
conducted to determine the minimum sample size likely to detect failure to cause cardiac arrest
in this weight range of piglets. The age of each piglet was noted in days as per the records
provided.
Each piglet was restrained using a portable animal restraint sling (Lomir Biomedical
Inc.). The piglet’s legs were placed through 4 holes in the canvas sling. The stock person placed
one hand over the shoulders of the piglet and operated the Zephyr-E with the other. Two shots
were administered rapid fire on the frontal bone (NPB-04259-01/09). An additional shot behind
the ear could not be performed for safety reasons due to the immediate onset of rigorous
convulsions.
5.3.3 Ante Mortem Data Collection
Immediately after Zephyr-E application, piglets were assessed by the researchers for
signs of sensibility using brainstem and spinal reflexes as described in Chapter 3. If heartbeat
had not ceased by 15 minutes, a secondary euthanasia step was used. Pentobarbital Sodium
(340mg/mL) 0.3mL/ IV was used on the R1 and exsanguination was used in the C1-C4 and R2.
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Onset and duration of clonic and tonic neuromuscular leg spasms (convulsions) and
presence of breathing were monitored by visual assessment. The duration of clonic convulsions
(CC) began at the onset of spasms and leg paddling and ended at the start of the transition into
the rigid extension of the limbs in the tonic convulsion phase. The duration of total convulsions
(TC) combined the duration of clonic and tonic convulsions until the piglet was completely limp
and motionless. Presence and duration of heartbeat (HB) were determined by palpation or
auscultation. Cardiac arrest was determined when no discernible heartbeat could be found by
auscultation or palpation. The research protocol required that for any piglets exhibiting signs of
returning to consciousness, the Zephyr-E was to be immediately reapplied. If the method was not
successful, an alternative euthanasia technique was to be used. Piglets were individually
identified for post-mortem collection of tissues.

5.3.4 Post-mortem Data Collection
For a subset of the piglets from each weight class that were euthanized in Ontario,
computed tomography (CT) scans were completed within 3 hours of euthanasia by technicians at
the Ontario Veterinary College Department of Radiology (n=24 total: 3 kg: n=6, 5 kg: n=5, 7 kg:
n=7, 9 kg: n=6). CT scans were scored by a board certified veterinary radiologist (SG Nykamp)
for hemorrhage severity (HS) and fracture displacement (FD) as described in Chapter 3. All 150
piglets were scored macroscopically during gross dissection for brain hemorrhage and skull
fracture as described in Chapter 3. Prior to dissection, each piglet was weighed (kg) and crown to
rump length was recorded (cm) to calculate body mass index (BMI= mass(kg)/length (m2).
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Following gross macroscopic evaluations, the brains of the 31 piglets chosen based on
weight class, including 22 of the brains from piglets used in CT scans, were removed and placed
in 10% buffered formalin for at least 7 days (3 kg: n=8, 5 kg: n=7, 7 kg: n=8, 9 kg: n=8) and
prepared for histological analysis. Brain sections were scored by a veterinary pathologist for
subdural hemorrhage (SDH) and parenchymal hemorrhage (PH). Preparation and scoring details
are described in Chapter 3.
5.3.5 Statistical Analyses
All statistical analyses were computed in SAS 9.2 (SAS Inst. Inc., Cary, NC). Student’s
t-tests were used to test for differences between the convulsion and heartbeat duration data sets
from Ontario and Saskatchewan. No significant differences were found; therefore, all data was
compiled and run as a single data set. Mixed model analyses of variance were used to test for
overall mean differences among stock people for durations of CC, TC and HB with stock person
as a fixed effect nested within farm. To account farm differences, farm was included as a random
effect. Several studies have reported a maturation dependent response to brain trauma in piglets
(Duhaime et al., 2000; Ibrahim, 2010); therefore, an age-body weight (BW) interaction was
included in the model as a covariate. Duration of CC, TC, and HB were dependent variables.
Body mass index (BMI) has also been shown to correlate with higher rates of stillbirths and
postnatal mortality (Baxter et al., 2008) and had a significant negative relationship with the
duration of CC (Chapter 3). To account for growth variation and morbidity effects, the mixed
model of stock person nested within farm was repeated using an age-BMI interaction. Data were
assessed for normality using Shapiro-Wilk analyses. CC, TC and HB durations were logtransformed to normalize the data. Raw means and standard error are presented in the results.

81

Log transformed means and standard errors for stock person mean duration of TC and HB, as
well as the log transformed durations of CC, TC, and HB are reported in the results.
Regression analyses were run to test for linear relationships between FD and age, weight,
and BMI as single variables, as well as for any relationships between FD and age-weight and
age-BMI interactions. Regression analyses were also run to test for linear relationships between
skull thickness and age, weight, and BMI as single variables, as well as for any relationships
between FD and age-weight and age-BMI interactions.
Hemorrhage data were rank transformed (Akritas, 1990) using proc RANK. A one-way
analysis of variance was run on the ranked data to test the effects of brain section on hemorrhage
scores for HS, SK, SC, SDD, and SDV and a two-way analysis of variance was run on the
ranked microscopic data to test the effects of brain section and weight class in SDH and PH.
Statistical significance was defined as P < 0.05.

5.4 Results
5.4.1 Ante Mortem Sensibility Assessment
Immediate, sustained insensibility until cardiac arrest was achieved in 98.6% of piglets
euthanized using the Zephyr-E. Of the remaining 1.4%, one piglet exhibited a blink in response
to the corneal reflex test and the Zephyr-E was immediately reapplied. Following the shot,
blinking was absent. A second piglet was rendered immediately unconscious but began to
transition from gasping to rhythmic breathing. After an extra shot behind each ear, all gasping
stopped. Death was achieved without a secondary step in 99.3% of piglets. BFT was used as an
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alternative method for one piglet that was rendered unconscious but exhibited an atypical
convulsion pattern with sporadic movements.
On average, clonic convulsions lasted 82.2 sec (± 3.4 SE) with 95.3% of piglets ceasing
convulsions in < 3 min (Figure 5.1). The average duration of total convulsions was 144.9 sec (±
5.4 SE) with total convulsions ceasing in 97.3% of piglets in < 5 min (Figure 5.2). The average
duration of heartbeat was 226.5 sec (± 8.7 SE) with cardiac arrest achieved in 98.6% of piglets in
< 10 min (Figure 5.3).
With an age-BW interaction as the covariate, stock person had a significant effect on TC
(p=0.0225: Figure 5.4). SP 4 had significantly longer durations than 10 other stock personnel.
Age had a significant effect on the duration of CC (p=0.0092), TC (p=0.0025), and HB
(p=0.0068), each of which increased as age increased (Figures 5.5-5.7). With an age-BMI
interaction as the covariate, stock person had a significant effect on the duration of HB
(p=0.0369). SP 1 had significantly shorter durations than 11 other stock personnel within the
group (Figure 5.8). BMI and the age-BMI interaction had a significant effect on the duration of
CC, p=0.0076 and p=0.0171 respectively. The duration of CC decreased as BMI increased
(Figure 5.9). Age had no significant effect on CC (p=0.0694), but showed a positive trend, with
the duration of CC increasing with age.
5.4.2 Post mortem assessment
Based on CT results, mean HS score of 0.88 ± 0.1 SE. HS was not significantly different
among weight categories (p=0.2362). Mean FD was 8.5 mm (± 0.09 SE). An example of typical
FD can be found in Figure 5.10. All piglets had skull fractures; however, one piglet from the 9
kg category had fractures present without displacement. FD showed no linear relationship with
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age (p=0.6210), weight (p=0.4196), BMI (p=0.8637), age-weight (p=0.4730), or age-BMI
(p=0.5661). Skull thickness had a significant positive linear relationship with BMI (p=0.0356,
R2=0.2024: Figure 5.11) and showed a positive trend with weight (p=0.0785: data not shown).
Macroscopic scores indicated moderate to severe hemorrhage in ≥85% of piglets in each
of the weight categories. SC and SDV hemorrhage scores were significantly different among
weight categories (p=0.0402; p=0.0037; Table 5.1). Moderate to severe SDV hemorrhage was
reported in ≥60% of piglets from weight categories 3, 5, & 7 kg; whereas the SDV hemorrhage
for the 9 kg category was predominantly minimal to mild (56%).
Microscopic analyses confirmed the presence of SDH and PH hemorrhage in all piglets.
The distribution of scores among brain sections and weight categories for SDH and PH are
reported in Table 5.2. There were significant SDH scores among brain sections (p=0.0070) but
not among weight categories (p=0.3592; Table 5.3). Significant differences in PH scores were
present across brain sections (p=0.0052) as well as across weight categories (p=0.0128; Table
5.4). There were no significant differences in the highest SDH or highest PH scores (p=0.5474;
p=0.3618: Figure 5.5). An example of typical SDH and PH can be found in Figure 5.12.
In terms of esthetics, a noticeable bruise was present on the forehead of the piglets similar
to the damage reported in Chapter 3. Occasional nasal bleeding was present, but bleeding
through the ear was not observed.
5.5 Discussion
The Zephyr-E consistently provided a humane death for piglets between 3 and 9 kg by
causing immediate, sustained insensibility until cardiac arrest. Insensibility was immediately
induced in 98.6% of piglets with only 2 piglets showing signs of return to consciousness. These
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results are similar to other methods used on piglets greater than 5 kg as reported by Whiting et al.
(2011): 100% for NPCB, 93-99% for free bullet methods, 98% for anesthetic overdose, and 97%
for BFT. It is important to note that all the techniques reported by Whiting et al. (2011), except
NPCB, required repeated applications to insure insensibility in 5 to 24% of piglets; whereas, in
the current trial the Zephyr-E only 1.4% of piglets required repeated application. Additionally,
the methods used for detecting return to consciousness in the study reported here were more
comprehensive than those used by Whiting et al. (2011) in which brainstem and spinal reflexes
were not monitored.
One of the piglets requiring repeat application in our study (3 kg) had a blink response
which was clearly related to operator error. This particular stock person was not routinely
responsible for euthanasia and had used the non-dominant hand to handle the Zephyr-E. The
barrel was not placed flush with the forehead. With an additional, properly placed shot, all
reflexes were immediately absent and the piglet progressed to death without further intervention.
This emphasizes the importance of proper training and clear instruction and oversight until the
operator is comfortable with the new technique. The second piglet (7.5 kg) that was given repeat
application, showed no response to any brainstem or spinal reflexes, but exhibited sporadic gasps
that appeared to be transitioning into rhythmic breathing. Although gasps are considered
involuntary movements that can occur during unconsciousness (Wijdicks, 1995), the return to
rhythmic breathing was more of a concern because this is one of the earliest signs of returning to
consciousness for swine (Anil, 1991). The Zephyr-E was immediately reapplied behind the ear,
ending all gasping. This suggests that an additional shot behind the ear should be recommended
for piglets exhibiting any gasping behaviour. The shot behind the ear is intended to target the
brainstem, which is responsible for respiratory and cardiac regulation (Shaw, 2002). It is also
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important to note that this particular piglet was a cryptorchid, whereas all other males piglets
used in this study had been castrated. It has been suggested that an increase in circulating sex
steroids may provide protection against neuronal damage resulting from a TBI (Shear et al.,
2002; Hurn et al., 2005). Unfortunately, the sex of the piglets was not recorded throughout the
entirety of the trial. The sex differences of this particular piglet were only recorded because the
cryptorchidism was the reason for euthanasia and the piglet was otherwise healthy. Overall, the
vast majority of piglets were rendered unmistakably insensible, without return to consciousness;
however, it is important to try to understand the failures that did occur to improve the technique
for future use.
The ideal method to confirm brain death in animals is an isoelectric EEG reading;
however, the location of NPCB application is not conducive to use of an EEG. Average time to
brain death was less than 2.5 min as determined by observing the absence of brainstem and
spinal reflexes in combination with apnea and cessation of convulsive activity. Apnea, in the
absence of brainstem and spinal reflexes, are indicators used to diagnose brain death in humans
(Wijdicks, 1995, 2001; Hills, 2010), and cessation of convulsive activity has been correlated
with brain death in poultry (Dawson, 2007, 2009; Turner et al., 2012). Following brain death the
piglet appears to be dead, but usually retains a faint heartbeat. Turner et al. (2012) also reported
the presence of a heartbeat in poultry several minutes after brain death as confirmed by use of an
ECG and EEG. For the current study, although a heartbeat was present, it was evident that the
limp, motionless piglet with fixed and fully dilated pupils had succumbed to irreversible brain
damage and was progressing towards death.
As expected in piglets achieving brain death, the Zephyr-E induced cardiac arrest in a
timely manner. Cardiac arrest occurred in nearly half the time of that reported for neonates
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euthanized by NPCB (Chapter 3) and for piglets < 8 kg euthanized BFT (Chevillon et al., 2004)
and at a similar time as piglets > 8 kg killed with penetrating captive bolt (Chevillon et al.,
2004). Although rendered insensible, an alternative method was used on one 8 kg piglet in the
current study, due to the presence of erratic movements seemingly triggered by the researcher
touching the animal to check for a heartbeat. This type of sporadic movement was also seen in
two neonatal piglets in Chapter 3, and was postulated to be similar to the spontaneous
movements occasionally seen in humans after confirmed brain death or severe brain trauma
(Ropper, 1984). Overall, the success of the Zephyr-E was in stark contrast to the results of Finnie
et al. (2003) who reported that all piglets survived the use of a NPCB. However, a temporal
position was used by Finnie et al. (2003) confirming the importance of NPCB placement on the
forehead of swine. The use of the forehead placement was also found to cause immediate
insensibility and death in weaned piglets using the Cash Euthanizer NPCB (Woods, 2012).
From the post-mortem assessment, it is clear that the application of the Zephyr-E to the
frontal bone position (NPB0149/01/09) induced severe skull fracture and widespread brain
hemorrhage. In the present study the cerebral cortex, a region known to be responsible for
sensory processing and signalling to the brainstem (Shaw, 2002; Gaetz, 2004), suffered severe
damage inflicted by skull fracture pieces embedded in the brain tissue, likely interrupting
cerebral blood flow (Nedd et al., 1993), as well as inducing a severe hematoma, which has been
associated with potentially life threatening intracranial pressure (Young and Destian, 2002). Not
only was a massive localized injury found at the site of impact, but hemorrhage was present
throughout the brain to a lesser degree. The widespread damage observed on the ventral surface
of the brain during macroscopic assessment as well as within the brain sections in the
microscopic assessment is likely the combined result of a coup/contrecoup type injury caused by
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the rapid impact forces shaking the brain within the cranium (Gaetz, 2004) and a diffuse injury
caused by a change in intracranial pressure (ICP) due to both the initial displacement of the brain
as well as from secondary oedema from the injury (Madsen, 1990). TBI of this magnitude likely
caused irreversible destruction to regions of the brain responsible for consciousness and vital
function.
Although application of the Zephyr-E was highly effective for euthanasia of piglets in all
of the weight classes tested in this study, there were some effects of BW, BMI, and age on some
of the ante-mortem and post-mortem variables. Piglet age had the most widespread effects on
both ante-mortem and post mortem variables. This is likely related to the maturation-dependent
response to TBI reported in several studies in which piglets have been used as animal models for
traumatic brain injury in human infants (Duhaime et al., 2000; Durham and Duhaime, 2007;
Missios et al., 2009; Ibrahim et al., 2010). In the present study, when BW was accounted for, the
durations of CC, TC, and HB all increased as age increased.
Some of the most interesting results involved not only age, but also BMI. In particular, an
age-BMI interaction had a significant effect on CC which illustrates the complexity of the
mechanisms of TBI on death in piglets. Older piglets with a low BMI consistently had a longer
duration of CC in comparison to older piglets with a higher BMI. There was also an inverse
relationship between BMI and the duration of CC which was similar to the results observed in
the previous trial with neonatal piglets (Chapter 3). These results are supported by verbal reports
from stock persons that ‘poor-doer’ piglets that are disproportionately “long and skinny” take
longer to die. Although the duration of CC is unrelated to the actual time of death, the cessation
of the paddling movement is often interpreted as death by most stock people. Perhaps the
differences can be explained in part by the positive relationship between BMI and skull
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thickness, in that piglets with low BMIs had thinner skulls potentially reducing the severity of
concussion or brain injury. It is also possible that the low BMI piglets had some metabolic or
other physiological differences as suggested by Baxter et al. (2008), possibly altering the
mechanism and severity of TBI causing older piglets with a low BMI to be mildly more resistant
to the TBI inflicted by the Zephyr-E. Alternatively, there may be some metabolic differences
across piglets that alter the duration of neuromuscular responses to TBI.
Overall, the damage measured throughout the brain was less severe in the largest weight
classes within the current study in comparison to the neonatal piglets of Chapter 3. However,
fracture displacement was noticeably more severe in the heaviest weight classes, which was
likely due to thickening and calcification of the skull making it less pliable and therefore more
subject to fracture. Although the mechanism is not completely understood, it is clear from the
literature that the neonatal brain is more resistant to rotation (Ibrahim, 2010) and impact related
TBI (Duhaime et al., 2000) than the brain of an older piglet. The reduction in overall hemorrhage
seen in the larger piglets was initially thought to be indicative of less severe, and therefore less
effective TBI induced by the Zephyr-E; however, it is also possible that the longer durations and
more severe hemorrhage reported in neonates (Chapter 3) and the 3 and 5 kg weight categories
could be explained by the theory of ‘neoprotection’ mentioned above. Durham and Duhaime
(2007) postulate that severe subdural hemorrhage alone is not sufficient to overwhelm the
neonatal brain, but it is instead the combination of severe hematoma with apnea and seizures that
negate the inherent protection in neonates. Furthermore, piglets greater than 4 weeks of age were
much more susceptible to both subdural hematoma (Duhaime et al., 2000; Durham and Duhaime,
2007) and shear strain of the brain tissue (Ibrahim, 2010). This fragility may be why the older,
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heavier piglets succumbed to their injuries faster than their neonatal counterparts before
extensive parenchymal hemorrhage occurred.
The Zephyr-E provided a humane death by reliably causing severe brain trauma with
very minimal stock person variation. In contrast to the widespread variability in stock person
means for the duration of neonatal heartbeat (Chapter 3), the mean variation in the present study
was reserved to only two individuals. The piglets euthanized by stock person 4 had a
significantly higher average TC than 10 other stock people in this study. This variation did not
reduce the effectiveness of the technique and may have been related to the fact that the 10 piglets
euthanized by SP 4 were the only piglets in this study that were still suckling and had not yet
been weaned. For average duration of heartbeat, the piglets euthanized by SP 1 had a
significantly shorter mean than 11 other stock people. SP1 was later identified as the researcher
who had more experience with the equipment due to involvement in previous trials. Although
this may be considered a confounding factor, it is also evidence that the effectiveness of the
technique may be improved with more experience.
Based on information gathered regarding insensibility and death, it can be concluded that
the Zephyr-E reliably induces a humane end for piglets from 3 to 9 kg in a single step. Postmortem damage assessment confirmed the presence of widespread TBI capable of causing
irreversible damage to regions of the brain responsible for consciousness and vital function. Not
only does this confirm the use of a NPCB as an acceptable method for piglets greater than 5.5 kg,
but it also suggests that the method can be used without a secondary step.
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Tables and Figures.
Table 5.1 Mean macroscopic scores (±SE) for each weight class. There were significant
differences in subcutaneous (SC) scores (p=0.0402) and subdural-ventral (SDV) scores
(p=0.0037) among weight classes. N=150 for SC, subdural-dorsal (SDD), SDV, and skull
fracture (SK). Symbols indicate significant differences among weight classes within each scoring
category.
Weight Class (kg)

SC

SDD

SDV

SK

3
(2.5-3.9: n=55)
5
(4.0-5.9: n=45)
7
(6.0-7.9: n=25)
9
(8.0-10.2: n=25)

3.7 (±0.1)*

3.3 (±0.1)

3.2 (±0.1)*

2.5 (±0.1)

3.4 (± 0.2)*†

3.5 (± 0.1)

3.1 (±0.1)*

2.3 (±0.1)

3.3 (±0.2)*†

3.4 (±0.2)

2.7 (±0.2)*†

2.5 (±0.1)

2.9 (±0.2)†

3.6 (±0.2)

2.3 (±0.2)†

2.2 (±0.1)
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Table 5.2 Distribution of microscopic scores among weight classes and brain sections for
subdural (SDH) and parenchymal (PH) hemorrhage scores. The mode for each section is
highlighted. (3 kg n=7; 5 kg n=8; 7 kg n=9; 9 kg n=8)
Weight
Class
Score

Subdural

Parenchymal

3 kg
5 kg
7 kg
9 kg
Section
Totals
3 kg
5 kg
7 kg
9 kg
Section
Totals

Cerebral cortex

Midbrain

Brainstem

0
0
0
0
0

1
0
0
0
1

2
2
0
2
3

3
3
6
6
3

4
2
2
1
1

0
0
0
0
0

1
0
0
0
0

2
2
1
2
3

3
4
3
6
4

4
1
4
1
1

0
0
0
0
0

1
1
3
1
1

2
1
0
2
4

3
3
4
6
2

4
0
0
0
1

0

1

7

18

6

0

0

8

17

7

0

6

7

15

1

0
0
2
3

1
2
2
1

4
1
2
2

2
3
3
2

0
2
0
0

1
1
3
2

2
4
5
2

3
1
1
3

1
2
0
1

0
0
0
0

0
1
1
2

2
3
7
5

3
1
1
1

0
2
0
0

0
0
0
0

5

6

9

10

2

7

13

8

4

0

4

17

6

2

0
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Table 5.3 Mean scores (±SE) for subdural (SDH) hemorrhage across different weight classes
and brain sections. There were significant differences in SDH scores for brain section
(p=0.0070). There were no significant differences among weight categories (p=0.3592). Letters
indicate differences in subdural hemorrhage across brain sections. (3 kg n=7; 5 kg n=8; 7 kg n=9;
9 kg n=8)
Weight Class
3 kg
5 kg
7 kg
9 kg
Brain Section
Means

Cerebral
Cortex
3.0 ± 0.2
3.2 ± 0.2
2.9 ±0.2
2.5 ± 0.2
2.9 ± 0.1a

Midbrain

Brainstem

2.8 ± 0.2
3.4 ± 0.4
2.9± 0.4
2.7 ± 0.4

2.4 ± 0.4
2.1 ± 0.2
2.5 ± 0.6
2.4 ± 0.4

2.9 ± 0.2 a

2.4 ± 0.2b
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Weight Category
Means
2.7 ± 0.2
2.9 ± 0.2
2.7 ± 0.3
2.5 ± 0.3

Table 5.4 Mean scores (±SE) for parenchymal (PH) hemorrhage across different weight classes
and brain sections. Letters indicate differences in parenchymal across brain sections (p=0.0052)
and symbols indicate differences across weight categories (p=0.0128: 3 kg n=7; 5 kg n=8; 7 kg
n=9; 9 kg n=8). Standard error of 0 resulted from all piglets having the same score without any
deviation.

Weight Class
3 kg
5 kg
7 kg
9 kg
Brain Section
Means

Cerebral
Cortex
2.1 ± 0.4
2.6 ± 0.4
1.7 ± 0.2
1.4 ± 0.2
1.9 ± 0.2a

Midbrain

Brainstem

1.6 ± 0.4
1.5 ± 0.4
0.8 ± 0.2
1.4 ± 0.3

1.6 ± 0.4
1.0 ± 0
1.0 ± 0
0.9 ± 0.2

1.3 ± 0.1b

1.3 ± 0b

Weight Category
Means
1.8 ± 0.2 *‡
1.9 ± 0.2 *
1.1 ± 0.2 †
1.2 ± 0.2 †‡

Table 5.5 Mean scores (±SE) for highest subdural (SDH) and parenchymal (PH) hemorrhage
scores across weight classes for each piglet brain. Means were compiled from the highest SDH
and PH scores from each brain as a whole regardless of section of origin. There were no
significant differences in mean scores for SDH (p=0.5474) or PH (p=0.3618) among weight
classes. (3 kg n=7; 5 kg n=8; 7 kg n=9; 9 kg n=8)
Weight Class (kg)
3
(2.5-3.9)
5
(4.0-5.9)
7
(6.0-7.9)
9
(8.0-10.2)

Highest SDH

Highest PH

3.3 ± 0.2

2.1 ± 0.4

3.5 ± 0.2

2.5 ± 0.4

3.2 ± 0.1

1.8 ± 0.4

3.1 ± 0.2

1.6 ±0.3
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Figure 5.1 Cumulative percentage of piglets ceasing clonic convulsions (CC) across time.
Time point 0 indicates the time immediately following Zephyr-E application. Ninety five
percent of piglets ceased CC in < 3 min with all piglets ceasing CC in < 5 minutes.
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Figure 5.2 Cumulative percentage of piglets achieving brain death across time. Time of brain
death was estimated to be the time of cessation of total convulsions (TC) in combination with
the prolonged absence of breathing and reflexes. Time point 0 indicates the time immediately
following Zephyr-E application. Ninety three percent of piglets achieved brain death in < 4
min with all remaining piglets ceasing TC in < 8 min.
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Figure 5.3 Cumulative percentage of piglets achieving cardiac arrest across time. Time of
cardiac arrest was determined by the complete absence of heartbeat by auscultation or
palpation. Time point 0 indicates the time immediately following Zephyr-E application. Ninety
five percent of piglets achieve cardiac arrest in < 7 min with 99% of piglets ceasing heartbeat
in < 13 min. One piglet required a secondary step and was not included in the duration results.
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Figure 5.4 Stock person (SP) had a significant effect on the duration of total convulsions (TC:
p=0.0225). SP 4 had a significantly longer mean duration than the durations of 10 other SP
within the trial. SP 10 and SP 15 had significantly shorter mean durations than the durations of
2 other stock people within the trial. Letters convey the significant differences. Raw mean
duration of TC: 144.9 sec (± 5.4 SE). SP 1, 2, 3, and 4 were from commercial farm 1. SP 5, 6,
and 7 were from commercial farm 2. SP 8 was from commercial farm 3 and SP 10, 11, 12, and
13 were from commercial farm 4. SP 9 was from the Ontario research station and SP 14 and
15 were from the Saskatchewan research station.
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Figure 5.5 Age as a covariate had a positive effect on the duration of clonic convulsions (CC).
As age increased duration of CC increased (p=0.0092). Raw mean duration of CC:82.2 sec
(±3.4 SE).
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Figure 5.6 Age as a covariate had a positive effect on the duration of total convulsions (TC).
As age increased duration of TC increased (p=0.0025). Raw mean duration of TC: 144.9 sec
(± 5.4 SE)
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Figure 5.7 Age as a covariate had a positive effect on the duration of heartbeat (HB). As age
increased duration of HB increased (p=0.0068). Raw mean duration of HB: 226.5 sec (± 8.7
SE).
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Figure 5.8 Stock person (SP) had a significant effect on time to cardiac arrest (p=0.0369). SP
1 had a significantly shorter mean duration than the durations of 12 other SP within the group.
Letters convey significant differences. Raw mean duration of HB: 226.5 sec (± 8.7 SE). SP 1,
2, 3, and 4 were from commercial farm 1. SP 5, 6, and 7 were from commercial farm 2. SP 8
was from commercial farm 3 and SP 10, 11, 12, and 13 were from commercial farm 4. SP 9
was from the Ontario research station and SP 14 and 15 were from the Saskatchewan research
station.
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Figure 5.9 BMI as a covariate had a negative effect on the duration of clonic convulsions
(CC). As BMI increased the durations of CC decreased (p=0.0076). Raw mean duration of
CC:82.2 sec (±3.4 SE).
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Figure 5.10 Computed tomography scan image of piglet euthanized with the Zephyr-E. Example
of typical fracture displacement associated with application of the Zephyr-E in weaned piglets.
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Figure 5.11 Skull thickness had a positive linear relationship with BMI (p=0.0356). Skull
thickness increased as BMI increased.
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31

Figure 5.12 Photomicrographs of subdural hemorrhage (20x magnification) and parenchymal
hemorrhage (100x magnification) of piglets euthanized with the Zephyr-E.
B. Example of subdural hemorrhage

B. Example of parenchymal hemorrhage
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CHAPTER 6
General Discussion

Although euthanasia of piglets is an inevitable part of pork production, until recent years
there has been minimal research into the most humane method. The search for practical, humane
methods for on farm euthanasia is complicated by age and weight differences, as well as
concerns over the esthetics of each method. The research presented here provides the first indepth analysis of the effectiveness for a pneumatic NPCB for euthanasia of suckling and weaned
piglets up to 7 weeks of age and 9 kg.
The first objective of the study was to test the ability of a NPCB, the Zephyr-E, to induce
rapid, sustained insensibility in piglets < 9 kg. Ensuring insensibility addresses the very essence
of euthanasia as it determines whether or not the animal senses any pain or distress throughout
the process. Although use of an EEG is the ideal technique to determine time to unconsciousness
and brain death, the equipment is not compatible with the mechanism of the technique used in
the present study or within a farm setting. Instead, techniques used for monitoring consciousness
in practices such as stunning for slaughter and pre-surgical anesthesia, as well as protocols for
determining brain death in human medicine were used. The combination of these techniques
provided a thorough approach to assessing sensibility that was easily carried out in an on-farm
setting following NPCB application. After firing, the wide, open eye of the insensible piglet
allowed easy access to test the eye reflexes and responsiveness of the pupil. Only a few piglets in
the entire study had partially closed or rotated eyes. The lack of jaw tone was also easy to assess
as the jaw was malleable and visually slack with the tongue hanging out in most cases. Response
to a nose prick was also very obvious, as live, conscious piglet (prior to NPCB application) had a
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clear reaction to pinching the sensitive areas of the nose; whereas, unconscious piglets (after
NPCB) showed complete indifference.
In addition to monitoring for reflexes, the end of convulsive activity provided a reliable,
highly visible estimated time of brain death. The cessation of convulsions was consistently
observed in conjunction with the sustained absence of all reflexes and breathing. At which point
the unresponsive pupils would fully dilate and all muscle tension and movement was absent.
Although actual brain waveforms were not recorded in the present study, Turner et al. (2012) and
Dawson (2007, 2009) previously reported an isoelectric EEG, consistent with brain death, within
a few seconds of the cessation of all movement. As a further confirmation, the present study was
also able to monitor the absence of key reflexes indicative of brain death in humans (Wijdicks,
1995, 2001), providing sound evidence that the piglets were immediately insensible and they
quickly achieved brain death. Based on these techniques, of the 250 piglets monitored for
sensibility, 248 successfully achieved immediate, sustained insensibility followed shortly by
brain death.
The second objective was to test the ability of a NPCB, the Zephyr-E, to induce cardiac arrest
in a timely manner in piglets < 9 kg. Although the purpose of this objective was to determine the
moment of absolute death, it soon became clear that death is much more complex and is more of
a process than a moment. Regardless, heartbeat was recorded until the last discernible beat, even
if it was faint and irregular. Although this approach provides a very conservative time of cardiac
arrest, use of an ECG would be more likely to provide a more accurate duration of a functional
heartbeat. Of the 270 piglets monitored, 262 successfully achieved cardiac arrest in a single step.
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As previously discussed in Chapters 3-5, understanding the absolute time of death proved to
be a complex task. Although each of the 8 piglets that were administered a secondary step was
determined to be insensible, the sustained heartbeat or sporadic movements of these piglets after
brain death led to the decision to use a secondary step. The majority of these piglets (6 of the 8)
were from the neonatal group of Chapter 3. Not only this, but the one piglet from the
anesthetized group (Chapter 4) that required a secondary step was in the smallest weight class
and although the age was not explicitly recorded, at 2.7 kg this piglet was presumably just a few
days old. This coincides with the research suggesting neonatal piglets respond differently to TBI
than older piglets (Duhaime et al., 2000; Durham and Duhaime 2007; Ibahaim et al., 2009). As
described by these studies, it is possible that the threshold of fatal damage for these neonates was
higher than that of older piglets leading to the higher incidence of secondary step application as
well as increased durations and the more severe brain hemorrhage. Whether this is a result of a
less calcified skull leading to a less severe concussion or a more plastic brain and dura sustaining
the presence of more hemorrhage and intracranial pressure, or the combination of both, is
impossible to determine with certainty in the present study.
An additional indicator that neonates differ in their response to trauma in comparison to
older, mature pigs was noted in the sequence of convulsions. Grandin (2010) explicitly describes
the convulsion sequence seen in stunning for slaughter as starting with rigid tonic convulsions
followed by rigorous paddling clonic convulsions. The opposite pattern was seen in the piglets of
this study with clonic paddling initiating the convulsions followed by tonic extension before
cessation of all movement. Interestingly, a few of the older, larger piglets appeared to follow the
adult pattern of convulsions starting with tonic and transitioning into clonic. Perhaps this change
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in sequence is related to a key maturation phase in the piglet brain and should be further
investigated.
Arguably, the differences in durations and damage present did not indicate that the Zephyr-E
was ineffective or less effective in any particular class of piglets, but rather confirms age and
weight differences do influence TBI. Unexpectedly, the technique seemed to work faster in
larger piglets as compared to neonates, suggesting use in piglets > 9 kg is possible. Rather than
weight being the limiting factor, it appears that age and BMI may have a more profound impact
on the success of the technique and these areas should be further investigated. Overall the NPCB
used in the present study was highly effective for euthanasia in piglets from birth to 7 weeks of
age and 9 kg based on immediate, sustained insensibility followed shortly by cardiac arrest.
While the primary goal of any euthanasia is to provide a humane end for the animal, it is
important to consider the welfare of the person asked to carry out the difficult task. The “caringkilling paradox” has been addressed in animal shelter workers asked to carry out euthanasia on a
regular basis (Arluke, 1994) in an attempt to understand the work related stress associated with
euthanizing an animal in their care. Similar work by Matthis (2004) focusing on the swine
industry reported that workers in the farrowing barn had a more negative opinion towards
euthanasia when compared to workers in a finishing barn. Whether this is because of the
underlying methods used in each area, the frequency of euthanasia regularly performed, or the
nature of the process was not described. However, it was clear that workers were willing to try
new techniques, even if more time was required, if the welfare of the pig was improved.
Although the stock person feedback in the present study was informally acquired, it was
interesting none the less. The majority of workers were comfortable using BFT for neonatal
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piglets, but were especially interested to test the Zephyr-E on larger weaned piglets. This
coincides with the understanding that a gap exists in available methods for this stage of
production. Following use of the equipment, several workers commented that they would feel
comfortable euthanizing the larger piglets instead of recruiting a stronger, more experienced
stock person to complete the task. Two other stock people reported they would be willing to
euthanize a sick piglet when necessary instead of passing off the responsibility. Overall workers
were most impressed with the ease of use of the Zephyr-E and were least impressed by the
restricted portability of the air compressor. Most perceived BFT to be faster at causing death than
the Zephyr-E. However, this was likely due to the lengthy monitoring for signs of sensibility and
cardiac arrest for research purposes in comparison to typical on-farm euthanasia which is applied
without subsequent observation.
Although the Zephyr-E still requires direct contact between the animal and operator, which is
less desirable esthetically in comparison to a more indirect method such as CO2, the dissociation
of force delivery by pulling a trigger versus physically delivering the fatal blow dramatically
improves the esthetics for both the operator and observer. Not only this, but the Zephyr-E
reliably induces immediate insensibility, a feat thus far not possible with the other alternatives to
BFT. The technique was also shown to be highly effective for piglets from birth into early stages
of the nursery phase. This would simplify the necessary euthanasia training for stock personnel
in farrowing barns by providing a single technique effective for piglets from birth through
weaning. The practicality and cost effectiveness of the Zephyr-E add to the potential of the
equipment for use in farrowing and nursery barns.
The current study was restricted to euthanizing only piglets up to 9 kg due to the research
protocol. However, restricted availability of piglets in the largest weight category, led to the
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inclusion seven piglets between 9.1-10.2 kg. The technique worked flawlessly in these piglets
suggesting that the Zephyr-E may continue to be effective above the 9 kg weight limit addressed
in the present study. However, if further research seeks to determine the maximum weight range
of effectiveness for the Zephyr-E, age, BMI and sex differences should be thoroughly
investigated in conjunction with weight. Age and BMI were recorded in the present study;
however, age was not equally balanced across the weight classes and BMI effects, although
significant, were only minor. A limitation of the present study was the failure to record sex
differences in all the piglets. Sex differences are known to have an impact on TBI in humans
(Hurn et al., 2004); therefore, it is important to record sex differences in piglets, especially as
they approach maturity, to ensure the technique remains effective.
Overall, as a reliable, effective euthanasia technique for suckling and weaned piglets, well
received by stock personnel, the Zephyr-E improves animal welfare as well as provides the stock
person with confidence that this challenging task was carried out humanely. Based on these
results, the Zephyr-E can be recommended as a single step method of euthanasia for piglets from
birth to 7 weeks of age up to 9 kg.
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APPENDIX A
Zephyr-E Training Materials
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APPENDIX B
Farm Questionnaire

How long have you worked in the swine industry? <6mo

<1yr

<2yr

<5yr

>5yr

Comments:

How many sows are on your farm? 1-500

501-1000

1001-1500

1501-2000

Is piglet euthanasia one of your required tasks? Yes / No
Comments:
If yes, approximately how many piglets do you personally euthanize per week:
In the farrowing room? ____________
In the nursery per week? ____________
Comments:

What method of euthanasia do you use? ____________________
Comments:

Are you satisfied with this current method? Yes / No
Why or why not?

Comments:

On a scale of 1-10 (ten=highly effective) how would you rate the Zephyr’s performance?
1

2

3

4

5

6

7

8

Comments/Suggestions
135

9

10

>2001

