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ABSTRACT 

CARDIAC WEIGHTS AND LESIONS AS RISK FACTORS OF IN-TRANSIT LOSSES 

OF MARKET-WEIGHT PIGS IN ONTARIO 

 

Katherine Zurbrigg       Advisors:  
University of Guelph, 2018      Dr. Terri O’Sullivan 
         Dr. Robert Friendship 
 
Health conditions existing prior to transport could predispose a market pig to dying or becoming 

non-ambulatory during transport.  The objectives of this thesis were to determine if cardiac 

weights and gross and histological lesions were associated with in-transit loss (ITL) pigs, to 

determine if a heritable cardiac condition is associated with the lesions observed in pig hearts 

and to determine if cardiac lesions, weights and loading management risk factors on the farm 

were associated with higher annual rates of ITLs. 

Between June 2012 and April 2015, 85 ITL carcasses and the hearts from 198 ITL and 400 non-

ITL (control) pigs from one Ontario abattoir were collected and examined for gross and 

histological lesions and differences in cardiac weights and weight ratios over several phases of 

the study.  Post-mortem examinations of ITL pigs (N=85) from one Ontario abattoir indicated 

the cause of death to be heart failure because of cardiac lesions that developed prior to transport. 

Hearts from pigs that died during transport (N=70) demonstrated significantly greater 

frequencies of cardiac lesions (e.g. hypertrophy of ventricle walls), greater average heart weights 

and greater heart weight to body weight ratios than hearts from non-ITL pigs. 



 

 

 

 

Genome wide analyses were performed on a subset of the ITL and non-ITL hearts (N=536). 

Genes associated with hypertrophy and arrhythmias were identified, though the strength of the 

association was low.  Examination of 300 hearts collected from the processing line and loading 

management data collected from 30 farms (10 hearts from each farm) classified by low, 

moderate and high rates of annual in-transit losses resulted in differences between cardiac 

weights and weight ratios and the loading management risk factors between high and low loss 

farms. 

It is plausible that pigs with cardiac lesions and increased cardiac weights are unable to respond 

to the increased exertion required during sorting, loading and transport to the abattoir which 

results in transport mortalities due to cardiac insufficiency.   Further research is needed to 

determine what initiates cardiac remodelling in pigs and to measure cardiac function in pigs with 

lesions. 
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CHAPTER ONE 

Literature Review and Thesis Objectives: Risk Factors for In-

transit Loss 

1.1 Abstract 

 In-transit losses (ITL) of market weight hogs is defined as hogs that die and/or hogs that 

become non-ambulatory (NA) during the process of loading and shipping from the farm to the 

abattoir.  Annual rates of transport mortalities are low relative to the number of pigs shipped to 

market annually but are highly variable between countries and even between abattoirs within 

countries. ITLs have been associated with the increased stresses of loading and shipping. 

Transport related stressors include those factors experienced on the farm during loading, during 

travel, within the transport vehicle and aspects of individual pig genetics and pig health that 

affect in-transit losses. 

  The purpose of this chapter was to emphasize the lesser-studied farm and pig level risk 

factors, and the effect they may have on ITLs. As such the conflicting relationships published 

between ITLs and commonly-accepted environmental and journey level risk factors are 

highlighted. The English and German articles reviewed for this paper were gathered through a 

combination of topical internet and database searches of indexed journal citations (e.g. Medline). 
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This review found that much of the literature investigating in-transit losses was based on 

retrospective, observational studies of large existing datasets, not experimental trials.  While 

authors often recognized that ITLs are multi-factorial, rarely were the risk factors of transport 

losses from all aspects of loading and shipping considered within one study (e.g. stocking density 

was analysed but temp not considered, or temperature was considered but pig health was not).   

Ultimately, transport losses of swine are not fully explained by the most commonly cited risk 

factors such as temperature, stocking density and journey length. Other risk factors need to be 

considered.  With the low number of pigs affected compared to the large number of pigs shipped 

each year, factors which would affect an individual pig may need greater consideration. Pig 

health pertaining to transport losses is not well studied and post-mortem examinations are not 

routinely completed on hogs that die in-transit. Future research should focus on investigating the 

health conditions existing prior to transport which could make a hog more susceptible to death or 

becoming non-ambulatory during transport.  

1.2 Background 

In-transit losses (ITL) of market weight hogs is defined as hogs that die and/or hogs that 

become non-ambulatory (NA) during the process of loading and shipping from the farm to the 

abattoir (Ritter et al., 2009).  Non-ambulatory hogs are often classified as either non-ambulatory, 

not visibly injured (NANI) or non-ambulatory, visibly injured (NAI).  Annual rates of transport 

mortalities are variable between countries and even between abattoirs within countries.   The 
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rates of ITLs from studies completed in various countries over the last 10 years which examined 

data for at least a year, are presented in Table 1.1. 

 This variability may be due to regional differences in climate, transport vehicles and 

shipping policies but may also be due to how ITLs are defined or what data were used to 

calculate the ITL rate.   Some studies include only mortalities and may further categorize those 

numbers into mortalities that occur either on the truck or in lairage at the abattoir.  Author 

definitions of NANI hogs may include hogs that are unable to move and those able to walk but 

“not keeping up with their contemporaries” (Ritter et al., 2009).  The definition of NANI is 

somewhat subjective and may result in non-ambulatory rates being more variable than rates of 

mortalities.  In addition, it is rarely stated what the authors’ interpretation of “injury” were when 

differentiating between NAI and NANI hogs.   

 In Canada and the USA, annual nation-wide rates of transport mortalities can be obtained 

from the appropriate federal government body (United States Department of Agriculture-USDA 

and the Canadian Food Inspection Agency-CFIA) if requested.  In Canada, these data would 

represent the transport mortalities for the majority of hogs slaughtered in the country but would 

not include hogs slaughtered at provincially-inspected abattoirs. Canadian national annual 

transport mortalities ranged from 0.07% to 0.08% of all hogs shipped between 2003 and 2012 

(Doonen and Cormier, 2014).  An annual rate of 0.07% was determined by averaging the data 

from the three CFIA-inspected abattoirs in Ontario, Canada in 2011 [unpublished observations 

Zurbrigg, K].  The USDA statistics for 2002 to 2006 reported transport mortalities at a consistent 
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0.22% (Ritter et al., 2009). National data on rates of non-ambulatory hogs at slaughter are not 

available for Canada or the USA (Ritter et al., 2009; Doonen and Cormier, 2014).  Ritter et al. 

(2009) calculated the weighted average of annual non-ambulatory rates for the USA from 23 

different published studies.  The average was 0.44% of pigs shipped per year (based on over 6 

million pigs shipped) with a range of 0.11% to 2.34% (Ritter et al., 2009). 

 The infrequent, unpredictable and multi-factorial nature of in-transit losses makes it 

difficult and costly to study the issue as an experimental trial. Much of the literature investigating 

in-transit losses is based on retrospective, observational studies of large existing datasets. Within 

these types of analyses researchers are limited to testing associations and controlling for only the 

risk factors for which they have complete data. Rarely are the risk factors of transport losses 

from all aspects of shipping considered in one study, (i.e. on the farm, the journey on the truck, 

unloading and lairage at the plant). In addition, it is rare that a post-mortem examination is 

completed on hogs that die during transport to identify a cause of death.  

The well-documented, easily recognizable pattern of increased transport mortalities 

during warmer temperatures has led to a strong industry belief that heat stress is the primary risk 

factor for in-transit losses.  However, in-transit losses are a complex, multi-factorial problem 

(Ritter et al., 2009; Mitchell, 2008) and temperature is only one risk factor. As Mitchell and 

Kettlewell (2008) concluded, “there are many concurrent stressors that may be imposed during 

transportation and the effects of these challenges may be additive or multiplicative in the sense 

that the detrimental effects of a given stressor may be exacerbated or enhanced by simultaneous 
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exposure to another”. Stressors include factors experienced on the farm during loading, during 

travel, within the transport vehicle and aspects of individual pig genetics and pig health that 

affect in-transit losses. 

 The literature reviewed for this paper was gathered through a combination of topical 

internet searches and database searches of indexed journal citations (e.g. Medline). Search words 

used included swine transport, livestock transport, transport losses, non-ambulatory swine and 

swine transport mortality both alone and in combination. The reference lists of articles acquired 

from these searches were then further examined to obtain more literature on the topic of swine 

in-transit losses. The articles included in this review were written in English or German and 

sourced from peer-reviewed journals, conference proceedings and industry reports. Numerous 

articles have been published examining the effects of potential risk factors for transport losses 

(e.g. stocking density) on meat quality or serological responses which represent the level of 

stress or physical exertion a pig experiences at shipping (Bradshaw et al., 1996; Barton-Gade et 

al., 2007; Guise et al., 1998; Aradom et al., 2012).  However, only papers which discuss the 

relationship between actual losses (mortalities and/or non-ambulatory hogs) and risk factors were 

included in this review. Relationships between risk factors and in-transit losses investigated by 

researchers and described within this literature review were statistically significant (P<0.05) 

unless otherwise noted.  For example, if the referenced authors graphed the relationship between 

a risk factor and swine transport losses but did not provide details regarding a statistical test, this 

was noted within the text.  Similarly, if it is stated in this review that an author found no 
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association or relationship between a risk factor and in-transit losses, the association was tested 

but was not statistically significant (P>0.05) unless stated otherwise. 

 The purpose of this paper is to review all risk factors for ITL, with an equal focus on the 

potential risks at the farm and pig level as are given to environmental and shipping risk factors. 

In addition, this paper highlights the often-conflicting results published for a specific in-transit 

loss risk factor and hypothesizes as to where the truth lies. Pig health as it pertains to transport 

losses is not well studied and post-mortem examinations are not routinely completed on hogs that 

die in-transit.  Health conditions existing prior to transport could make a hog more susceptible to 

death or to becoming non-ambulatory during transport and may be a missing component in 

explaining the variability of in-transit losses.   

1.3 Transport conditions and the relationship with in-transit losses 

1.3.1 Temperature, month and season 

 In contrast to most other risk factors for transportation losses, the literature is consistent 

in reporting that in-transit losses are affected by temperature.  Numerous observational studies in 

North America and Europe have found that as environmental temperatures increase, the rate of 

hogs that die during transport increases (Sutherland et al., 2009; Barton-Gade et al., 2007; 

Averos et al., 2008; Haley et al., 2008; Haley et al., 2003; Haley et al., 2008; McGlone et al., 

2015; Warriss et al., 1994; Abbott et al., 1995). Outside temperatures over 20°C have been 

associated with higher mortality and an increased frequency of multiple deaths per vehicle 
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(Sutherland et al., 2009; Barton-Gade et al., 2007). Pigs are susceptible to heatstroke as their 

ability to sweat is minimal, so they must rely on panting, wallowing and laying on a cold surface 

as methods of cooling (Jackson and Cockcroft, 2007; Gaffin et al., 1998). The stress and physical 

exertion associated with loading and transport results in increased heat production and heart rates 

of the pigs (Werner et al., 2007; Schrama et al., 1998). When such stresses are combined with 

high outside temperatures, pigs can have substantial, unsustainable increases in body 

temperature, heart rate and metabolic responses which may result in death (Ellis and Ritter, 

2006). 

 The effect of temperature during transport on the prevalence of ITLs appears to have the 

opposite effect on the prevalence of non-ambulatory non-injured hogs. With decreasing 

temperatures there is an increase in NANI hogs during transport (Sutherland et al., 2009; 

McGlone et al., 2012; Ritter et al., 2008). Sutherland et al. (2009) examined a large dataset 

collected prospectively at one abattoir (16,323 loads, 2,700,000 pigs, received from 1500 farm 

sites in the Midwestern USA) and found that the percent of NANI hogs increased when outside 

temperatures at unloading were at or below 5°C. The increase may be due to the increased on-

farm handling pressure (and therefore increased pig stress) required to move pigs from a warm 

barn to a cold truck (McGlone et al., 2012). Alternatively, the cold temperatures and wind chill 

experienced during transport may cause pigs to exhaust their metabolic reserves through 

shivering (Ellis and Ritter, 2006). Alternatively, the increase in NANI hogs during cold 

temperatures may simply reflect the number of hogs that would have died if the temperatures had 
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been warmer (Sutherland et al., 2009; Fitzgerald et al., 2008). One study (Kephart et al., 2010) 

found no association between temperature and in-transit losses.  The researchers examined data 

from 242 loads of hogs received at 1 abattoir in Pennsylvania, USA on 46 different days over a 

14-month period.  Temperature data were obtained for the time of unloading from a weather 

station 13 km from the abattoir. Kephart et al. (2010) acknowledged the lack of relationship with 

temperature as contrary to the majority of in-transit loss research and suggested that it was due to 

the low overall number of losses that occurred during their study. It is also possible that a single 

measurement of temperature taken at unloading is not representative of the outside temperature 

experienced by the pigs during transport. 

 Many researchers have tested month and season as surrogate variables for temperature 

when investigating in-transit losses with some conflicting results (Werner et al., 2007; Vitali et 

al., 2014; Averos et al., 2008; Abbott et al., 1995; Ritter et al., 2008; Correa et al., 2013; 

Gosálvez et al., 2006; Rademacher and Davies, 2005; Vecerek et al., 2006). Two studies used 

month to approximate outdoor temperature and both found an association between warm weather 

months and increased in-transit deaths (Vitali et al., 2014; Rademacher and Davies, 2005). Seven 

studies used the variable of season (aggregated from month) to represent outside temperature 

with four finding no association between a season variable and in-transit losses (Averos et al., 

2008; Abbott et al., 1995; Correa et al., 2013; Gosálvez et al., 2006).  Of the three remaining 

studies using the variable season, two found increased in-transit deaths in summer (June, July, 

August) compared to non-summer (Werner et al., 2007; Vitali et al., 2014). The third study 
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found no effect of season on total transport losses but found a significant increase of non-

ambulatory hogs in the winter (coldest season) compared to spring and summer when in-transit 

losses were separated into mortalities and non-ambulatory hogs (Ritter et al., 2008).   

 It is understandable that surrogate variables for temperature are used as “date of 

shipment” is routinely recorded regardless of whether the data used are from abattoirs, 

transporters or marketing boards while temperature is not.  The variability of results between 

authors when using season may be explained by the differences in how a season is defined. 

Alternatively, the variable of season may not be a sufficiently accurate measure to be used as a 

surrogate variable for temperature when investigating associations with in-transit losses as within 

a month or season temperatures may fluctuate widely in most pig producing regions. This 

concept is supported by Averos et al. (2008) who found no effect for season but a significant 

positive association between increasing temperature and transport mortalities within the same 

dataset.   

         While temperature has a well-documented association with in-transit losses it is 

important to remember that in-transit losses are multifactorial (Mitchell and Kettlewell, 2008).  If 

outside temperature alone were the cause of in-transit losses, then it would be expected that a 

greater number of losses per vehicle or per compartment would be observed as all pigs would 

have been exposed to similar environmental temperatures. Factors specific to the pig, such as 

genetics or health can affect a pig’s ability to cope with temperature extremes during the 

transport process and affect the ability of a pig to tolerate and recover from physical exertion. 
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1.3.2 Stocking density 

 The amount of space per hog on a livestock transport has been suggested as a risk factor 

for increasing in-transit losses in swine (Ellis and Ritter, 2005; Lambooij, 2014; Ritter, 2006; 

Ritter et al., 2007). However published results on the topic are conflicting.  This suggests that 

stocking density alone does not affect in-transit losses but may play a role when combined with 

other factors that can increase a pig’s heart rate and body temperature beyond a level from which 

it can recover.  These factors include handling intensity at loading and environmental 

temperatures.  For example, higher stocking densities can increase the temperature of the trailer 

compartment through body heat and a crowded compartment also means the pig may not be able 

to dissipate heat by lying on a cool surface (Lambooij, 2014). A pig may be able to cope with 

this situation at lower but not higher environmental temperatures. A pig with compromised 

health would likely have a narrower range of tolerance compared to a healthy pig. 

 Sutherland et al. (2009) retrospectively examined a large dataset compiled from hogs 

received at one abattoir in the USA over a one-year period. The researchers found that deaths 

and NANI pigs were greater in trucks with fewer than 169 hogs per truck compared to those 

loads with 170 or more (Sutherland et al., 2009). No explanation for this result was suggested in 

the discussion. It is not clear if the researchers controlled for the potential clustering of 

observations on or between farms within their analyses of the impact of stocking density on in-

transit losses.  The authors did state that the study was meant to generate hypotheses for further 
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testing and recognized that missing variables such as space allowance per pig, handling at 

loading and pig health limited the interpretation of study results (Sutherland et al., 2009).   

 Voslarova et al. (2010) stated that in-transit deaths are lowest in trucks carrying 40 pigs 

or less when compared to trucks carrying 40-120 or over 120 hogs in a retrospective study of 4 

years of data from one abattoir in the Czech Republic (5,400 loads or approximately 350,000 

pigs).  The authors suggested that all hogs were shipped at the loading density of 235kg/m2 

required by the EU, but the actual loading density was not calculated. No details on the recording 

or analysis of factors that might impact the relationship between the number of pigs per truck and 

in-transit losses such as outside temperature, pig weight, truck type (for ease of loading), 

handling pressure at loading or pig health were provided. 

 Fitzgerald et al. (2008) also examined one year’s worth of data (approximately 12,000 

loads carrying 2 million pigs) from one hog production system (9 farm sites, multiple 1000-head 

barns per site) to a single American abattoir for associations with in-transit losses.  The 

researchers found that as stocking density increased from 212kg/m2 to 338kg/m2, the percent of 

total in-transit losses increased.  Many factors which could potentially confound or interact with 

the association between stocking density and in-transit losses, such as farm site, loading crew, 

receiving crew, loading time, trailer driver, load type (full load from one barn or split load 

between 2 barns) and THI (temperature-humidity index) were included in the analyses.   
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 Two separate experimental trials were conducted by Ritter et al. (2006, 2007) to examine 

the effect of stocking density on in-transit losses. Both trials were completed using consecutive 

batches from one production system (using 2 sites or 1 site with multiple wean-to-finish barns 

per site) and pigs were transported approximately 3 hours to one abattoir. The researchers 

allocated specific floor space treatments to various compartments per truck (2006 study: 2 

compartments each at 0.39 m2/pig and 0.48 m2/pig; 2007 study: 1 of 6 floor space treatments 

ranging from 0.39-0.52 m2/pig per truck) with the remaining non-test compartments on each 

truck stocked according to the regular loading protocols of the farm (0.45 m2/pig) (Ritter, 2006; 

Ritter et al., 2007). The 2006 study examined 74 loads (5,409 pigs in test compartments) and the 

2007 study examined 42 loads (4,662 pigs in test compartments). Both studies concluded that 

total in-transit losses were higher at lower floor space/pig treatments (Ritter, 2006; Ritter et al., 

2007). The researchers did not state the losses in the non-test compartments of each truckload 

examined which were stocked based on the farm’s routine protocol. Losses in the non-test 

compartments would be valuable in determining if other factors were confounding the stocking 

density relationship. It is plausible that differences in internal truck or outside temperature, 

individual barns and pig health could impact the association of stocking density with in-transit 

losses, but these potential effects were not discussed. 

 There have also been published studies which found no association between in-transit 

losses and floor space per pig (Kephart et al., 2010; Averos et al., 2008; Haley et al., 2008; 

Pilcher et al., 2011). A study by Pilcher et al. (2011) was completed within the same production 
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system and using the same 6 floor space treatments as Ritter et al. (2007), with non-test 

compartments being stocked at 0.46 m2/pig.  Pilcher et al. (2011) followed 160 loads (954 test 

compartments, 17,652 pigs) from 3 different sites within the production system to one Midwest 

American abattoir.  The number of barns involved at each site was not stated, however it was 

stated that within and between sites there were differences in pen group sizes, the use of holding 

pens prior to loading, loading times and if pigs were fasted or not.  Loads from each site were 

shipped during different months over a 10-month period. The researchers found no association 

between floor space and in-transit deaths or total losses (Pilcher et al., 2011). Kephart et al. 

(2010) found no association between in-transit mortalities and floor spaces of <260 kg/m2 or 

>260 kg/m2.  Temperature at unloading (above or below 17°C), truck type (pot belly, straight 

deck conventional and straight deck wide opening) and their interactions with floor space were 

considered but not found to be significant (Kephart et al., 2010). Both Kephart et al. (2010) and 

Pilcher et al. (2011) suggested that the low in-transit mortality rates (0.06% and 0.04%, 

respectively) during their studies contributed to the lack of a relationship between in-transit 

losses and floor space.  It is possible that differences in individual barns and pig health could 

impact the association of stocking density with in-transit losses, but these variables were not 

included in the final model. 

 In Canada, the National Codes of Practice for Livestock Transport (2001) are used as the 

recommended guidelines for stocking densities for swine.  The document recognizes the impact 

of temperature on stocking density by suggesting a 25% reduction in stocking density during hot, 
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humid weather (Canadian Agri-Food Council, 2001).  This best practice management technique 

is another reason why temperature should be controlled for during analyses when retrospectively 

examining a large dataset for associations with in-transit losses.  

 Haley et al. (2001) found that after controlling for temperature within the analyses, no 

association between in-transit mortality and stocking density (range of 0.29 m2/pig-0.49 m2/pig) 

could be found when examining a Canadian dataset containing 104 trailer loads (21,834 pigs) 

shipped between July and October (3 different transport companies, 371 farms).  A second study 

by Haley et al. (2010) examined 2,041 loads of Canadian hogs over 3 months of summer weather 

(728,087 pigs, 2,308 producers, received at 3 abattoirs) for associations between in-transit losses 

and estimated floor space on the trailers ranging from 0.34 m2/pig-0.61 m2/pig.  The researchers 

found that “stocking densities at which in-transit mortalities increased significantly were 

dependant on temperature ranges, however Vitali et al. (2014) found that if temperature and 

humidity were controlled for during the analyses, the association with stocking density became 

insignificant. 

 The differences in outcomes among the studies may be due to inconsistencies in how the 

data were analysed including the authors’ definitions of losses (deaths, non-ambulatory or both), 

how the range of stocking densities were categorized for testing and how stocking densities were 

estimated when individual trailer sizes or animal weights were not available. However, it is 

likely that stocking density alone is not a significant risk factor for the transportation losses of 

swine.  It is more reasonable to assume that the microclimate inside the livestock truck resulting 
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from the various combinations of stocking densities, outside temperature and ventilation, the 

level of physical exertion the pigs experience at loading and pig health determines the proportion 

of pigs that succumb during transport. 

1.3.3 Length or distance of journey 

 Published literature on the effect of journey time/distance from the farm to the abattoir on 

in-transit losses has variable results.  There is likely an interaction or additive effect between 

journey length and other transport factors which can detrimentally affect in-transit losses 

(Doonen et al., 2014).  For example, on a longer journey there is a greater chance of a dramatic 

change in outside temperatures between loading and unloading which may impact in-transit 

losses.  

 Several reviews of large shipped-hog datasets have found that shorter distances or times 

travelled result in higher rates of in-transit losses compared to longer journey lengths (Sutherland 

et al., 2009; Werner et al., 2007; Haley et al., 2008; Rademacher, 2005). In a review of one-

year’s worth of receiving records to one German abattoir (319,005 pigs) by Werner et al. (2007), 

pigs transported for 1 hour had greater rates of mortalities than those shipped for 4, 6 or 8 hours 

(Werner et al., 2007). Similarly, Rademacher and Davies (2005) found that pigs transported for 

30-90 minutes had a higher rate of mortalities than those transported for 1.5-2.5 hours in a 

univariate analysis of 28 months of data from 1 American production system (7,396 loads, 

1,303,148 pigs).  In addition, Haley et al. (2008) found that transport mortalities decreased by 
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0.81 times for each 50 km increase in transport distance (range 102-1,146 km) when examining 

data from 104 loads of Canadian hogs between July to October of one year. Sutherland et al. 

(2009) found that as journey times increased from 30 minutes to 4 hours the percent of NANI 

hogs decreased. The time it takes pigs to recover from the exertion of loading has been estimated 

to be approximately 2 hours (Hemsworth et al., 2002).  Therefore, it is plausible that during short 

journeys pigs may have not yet fully recovered from loading prior to experiencing the stress of 

unloading and lairage, which may increase transport losses (Haley et al., 2008; Vecerek et al., 

2006).  However, it should be noted that while temperature and stocking density were considered 

within the analyses of some of these studies (Sutherland et al., 2009; Haley et al., 2008), factors 

which could represent barn differences such as physical exertion of pig at loading or pig health 

were not. 

 The opposite effect of journey time on in-transit losses has also been found. These studies 

show that transport losses are lowest with short journeys (time or distance) and that losses 

increase as journey length increases (Sutherland et al., 2009; Barton-Gade et al., 2007; Haley et 

al., 2008; Gosálvez et al., 2006; Vecerek et al., 2006). It has been suggested that longer journeys 

may increase the impact of other risk factors for in-transit losses during transport (Vecerek et al., 

2006). This may increase the number of pigs that cannot tolerate the journey. Gosálvez et al. 

(2006) investigated a dataset containing 496 loads (90,366 pigs) from 46 Spanish farms shipped 

to one abattoir and found that the rate of mortalities increased as the category of distance 

travelled increased (under 50 km, 50-100 km, over 100 km). The researchers also found an 
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interaction between journey distance and the number of farms contributing to a load, which 

increased the effect of journey distance on in-transit deaths when pigs from more than one farm 

were in the load (Gosálvez et al., 2006).  Barton-Gade et al. (2007) examined data from 17 

abattoirs (17.8 million pigs received) in Denmark and determined that mortalities increased as 

the distance travelled increased (under 100 km, 100-200 km and over 200 km). Similarly, 

Sutherland et al. (2009) found that mortalities and total losses increased as journey time 

increased from 30 minutes to 4 hours.  It should be noted that none of these studies (Sutherland 

et al., 2009) controlled for the effects of factors at the farm level.  In a second study by Haley et 

al. (2001) one year’s worth of data was examined for a relationship between in-transit mortalities 

and distance travelled while controlling for temperature and producer/farm. These authors stated 

that mortalities increased as distance travelled increased (steadily from 70-590km and then 

increased sharply between 590-720km travelled) (Haley et al., 2001).  Haley et al. (2001) also 

found that transport losses of shipments from the same farm were moderately correlated as 

measured by ICC (Intraclass Correlation Coefficient) suggesting a consistent influence of farm 

factors (e.g. farm management, loading techniques and pig health) on in-transit mortalities. 

 Studies have also found no significant effect of journey time on transport losses in swine 

(Kephart et al., 2010; Averos et al., 2008; Pilcher et al., 2011). Averos et al. (2008) examined a 

dataset composed of 739 loads (112, 842 pigs) from 5 European Union countries to 37 abattoirs.  

The authors recorded both distance and duration of the journey and determined that distance 

travelled was a less significant risk factor than duration of journey (Averos et al., 2008).  
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However, after accounting for the effects of loading time, temperature, fasting prior to transport 

(yes or no) and injuries noted at loading, journey duration had little effect on in-transit losses 

when comparing journeys of less than 8 hours to those of 8 hours or more (Averos et al., 2008). 

Neither Kephart et al. (2010) or Pilcher et al. (2011) found an effect of journey time on in-transit 

mortalities or total transport losses.  

 The inconsistencies between study results regarding the impact of journey length on in-

transit losses may be due to whether time or distance was the risk factor measured or how the 

time or distance measurement was categorized for analyses. It is also likely that the effect of 

journey length on in-transit losses is dependent on relationships with other factors and as such 

may either exacerbate or improve transport mortality rates.   

1.4 Trailer type, features, and management practices and their relationship to in-transit 

losses of swine 

1.4.1 Trailer type 

 Type of trailer used to transport market hogs is variable by region/country.  In Ontario, 

Canada, three types of vehicles are commonly used for transporting market hogs: the pot-belly 

truck, a two-deck straight truck and a two-deck hydraulic lift truck.  Within these categories, 

truck types vary in length, compartment configuration and the placement and slope of internal 

ramps. Trucks are passively ventilated through holes or “punch-outs” in the sides of the trailer 

(Weschenfelder, 2013).  The amount of bedding used is at the discretion of the driver and the use 
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of water sprinklers is at the discretion of the transport company. Therefore, both are variable on 

Canadian livestock trucks. 

 It has been suggested that differences in truck type may affect in-transit losses of pigs due 

to differences in ease of loading and trailer micro-climate. When comparing losses between pot-

belly trucks and two-level straight deck trucks several studies indicated no effect of truck type 

(Kephart et al., 2010; Ritter et al., 2008).  Kephart et al. (2010) found that unloading times at the 

abattoir were longer for pot-belly trucks but with temperature at unloading, travel time, wait time 

and stocking density as fixed effects there was no significant association between truck type and 

in-transit mortalities. Ritter et al. (2008) also found no effect on in-transit losses of pot-belly 

versus two-level straight deck trucks when considering season in the analyses. Fitzgerald et al. 

(2008) found no effect of truck type on in-transit losses after considering temperature but only 

had two different trailer manufacturers in the dataset and all trailers were two-level straight deck, 

side-unloading. Sutherland et al. (2009) found an interaction between trailer type (pot-belly and 

two-level straight deck) and duration of the journey which affected in-transit losses. The 

researchers admitted that within their truck type categories, features of the trucks were highly 

variable.  In addition, farm was not considered in the analyses. If over the duration of the study 

the same farms repeatedly had in-transit losses this could result in a significant interaction 

between journey duration and truck type.  

 In Canada, the pot-belly truck is most commonly used for swine transport (Correa et al., 

2013), but two-deck hydraulic vehicles are becoming more available. Hydraulic vehicles 
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remove the use of internal ramps to load pigs onto upper and lower decks of the vehicle. The 

use of ramps and their slope has been shown to affect heart rate and serum muscle enzyme 

values which indicate the level of muscle exertion required of hogs during loading (Garcia and 

McGlone, 2014).  It is plausible that hogs that are aggressively loaded and hogs with health 

issues may become non-ambulatory or die if they are unable to recover from the increased 

physical effort required to climb ramps during loading.  Devloo et al. (1971) found that the use 

of a hydraulic lift rather than a ramp to load pigs on the upper decks reduced transport losses. 

However, the analysis was a simple chi-square without consideration of the effects of other in-

transit loss risk factors.  In a Danish survey conducted by one abattoir, the highest in-transit 

mortalities occurred on transport vehicles with an internal ramp (fixed versus floating deck) 

however the survey was descriptive only and no statistics were completed on these data 

(Barton-Gade et al., 2007).  Correa et al. (2013) found no difference in in-transit losses between 

two -level hydraulic and pot-belly trucks after controlling for season and stocking density but 

suggested that the excellent on-farm handling and lack of the use of an electric prod during 

loading resulted in very low losses during the study.  This supports the concept that the level of 

physical exertion during loading at the farm is an important risk factor for in-transit losses. 

1.4.2 Use of bedding and sprinkling 

 Bedding requirements for livestock transport are variable by region. In Ontario, Canada, 

there are no regulations regarding the use of or the amount of bedding used in trailers 

transporting market hogs.  The National Codes of Practice for Livestock Transportation state 
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only that “ample” bedding be used below 10°C and that wet bedding should be removed after 

each trip.  Most studies comparing the effects of the use of bedding or the amount of bedding 

have found no significant association with in-transit losses (Averos et al., 2008; Kephart, 2013; 

McGlone et al., 2014).  McGlone et al. (2014) compared 572 loads (112,078 pigs) from farms in 

Iowa and Minnesota in cool (March and May) and cold weather (January and February) for an 

effect of 3, 6 and 12 bales of shavings on in-transit losses. The researchers controlled for 

temperature and found no association between the amount of bedding in cool or cold weather 

and in-transit losses but did not include a variable to represent a farm effect (McGlone et al., 

2014). Similarly, Kephart et al. (2013) compared the use of 3 and 6 bales of shavings in 131 

loads (22,917 pigs) in June and July in Iowa, USA.  The researchers considered stocking density, 

temperature-humidity index and farm in the analyses and found no association between bedding 

amount and in-transit losses in warm weather (Kephart, 2013).  Sutherland et al. (2009) 

investigated the use of wet, dry or no bedding for an association with in-transit losses and found 

an interaction between bedding and duration of the journey which impacts in-transit losses 

however, they did not include farm or transport company within the analyses.  A single farm or 

loop system generally use the same transport company for shipping hogs and each would have 

their own bedding use/cleanout policies.  If specific farms consistently had in-transit losses this 

would result in a significant (but false) interaction between journey duration and bedding. 

  The use of sprinklers to keep pigs cool during transportation when temperatures are 

above a certain set point is not common in Ontario, Canada. Sprinkling or misting pigs during 
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transport should be an effective method of lowering body temperature through evaporative 

cooling (Barton-Gade et al., 2007). However, the effectiveness is likely variable at different 

temperatures, air speeds and humidity levels.  Only one study was found which investigated how 

the use of sprinkling affects in-transit losses. Kephart et al. (2013) found no effect of sprinkling 

on total losses, NANI, non-ambulatory or dead hogs when including the THI from a weather 

station near the abattoir, loading density, farm and trucking company in the analysis model. The 

researchers completed the study in July in Iowa, USA by comparing 82 loads in warm weather 

(<26.7°C) with the treatments of no sprinkling, sprinkling the bedding only prior to pigs being 

loaded, sprinkling the pigs after loading was completed, and sprinkling of both the bedding and 

pigs (Kephart, 2013).  The experiment was repeated for another 54 loads in hot weather 

(>=26.7°C) but all pigs were sprinkled (i.e. no control group) due to concerns for the pig’s 

welfare in the hot weather (Kephart, 2013). 

1.4.3 Ventilation 

 Passive or natural ventilation is highly variable and depends on vehicle movement, wind 

speed and wind direction (Mitchell and Kettlewell, 2008). As trucks move forward, air flows over 

the front of the cab and then along the sides of the trailer. Air is then pulled in through the rear 

grilles and is pushed forward towards the front of the trailer (Mitchell and Kettlewell 2008). In 

passively ventilated trailers, airflow often does not reach the front of trailer (Mitchell and 

Kettlewell, 2008). Two studies from the United Kingdom examined in-transit loss data for 

147,000 and 723,510 pigs, over 6 months (1996) and 1 year (1978) periods respectively (Riches 
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et al., 1996; Sains, 1980). Both studies found higher mortalities in compartments directly behind 

the cab (at the front of the trailer) and suggested the effect was due to the restricted airflow of 

these compartments, however neither study provided sufficient detail on data analyses to describe 

how this was determined (Riches et al., 1996; Sains, 1980).  Averos et al. (2008) found no 

significant difference in in-transit mortalities when comparing trucks with natural (595 loads) or 

forced (144 loads) ventilation while considering temperature and journey length but not farm 

level or pig health effects in the analyses. 

 In passively ventilated livestock trailers, external boards are used to cover portions of the 

side walls to vary ventilation and temperature within the truck (McGlone et al. 2014). Boarding 

refers to the amount that the side walls of the trailer are closed by inserting boards (McGlone et 

al., 2014). McGlone et al. (2014) examined data from 302 loads (48,143 pigs) shipped from 1,000 

different farm sites to 2 abattoirs in the Midwest USA for an association between in-transit losses 

and the percent of the truck that was boarded in the spring and fall. The researchers found that the 

percent of the truck that was boarded did not have any effect during mild air temps (between 5°C 

and 26°C) (McGlone et al., 2014). However, at less than 5°C, the percent of dead hogs was 

greatest on trucks with low (0-30%) boarding (McGlone et al., 2014).  The researchers considered 

temperature and bedding within the analyses but not farm and pig health (McGlone et al., 2014).   

 From the studies reviewed there is little evidence to support that truck type or truck 

features independently affect in-transit losses. Truck type and features contribute to the trailer 

microclimate (e.g. temperature, humidity, air speed, air pressure, level of gases (ammonia, carbon 
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dioxide) (Ellis, 2008) which could impact in-transit losses. These relationships are affected by 

outside temperature, stocking density and farm effects but are not controlled or adjusted for in 

many published studies (McGlone et al., 2014). 

1.5 Farm management factors prior to loading and the relationship with in-transit 

losses of swine 

 There has been limited research on the effects of farm management and barn design 

factors on in-transit losses.  This is due in part to the high variability of management styles, farm 

protocols and barn designs amongst commercial swine farms. In addition, producers may be 

reluctant to allow researchers into their barns due to biosecurity risks and the contentious nature 

of in-transit losses.  Adding farm into a model allows for control of farm-specific factors but 

does not distinguish between which farm-specific factors may be influencing in-transit losses.  

1.5.1 Pen flooring type 

 Only one study investigating the effects of finishing pen floor type on in-transit losses 

was found.  Voslarnova et al. (2010) examined an observational dataset of hogs received at one 

Czechoslovakian abattoir over four years and found a significant association between solid floor 

pens and reduced transport mortality compared to market hogs raised on slatted floors.  

However, this should be interpreted with caution as the analysis was univariate (i.e. no 

consideration for outside temperature or other farm factors such as physical exertion of the pigs 

at loading or pig health).  The only other risk factor for in-transit mortalities examined was the 
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number of pigs per transport vehicle which was a separate univariate analysis (Voslarnova et al., 

2010). 

1.5.2 Farm size 

 Haley et al. (2008) examined an observational dataset of 4 million hogs marketed in 

Ontario, Canada in 2001 and found that average in-transit losses were higher for small farms 

(those marketing less than 2,000 pigs/year).  The authors state that pigs from smaller farms 

within their dataset needed to travel greater distances to an abattoir which may have affected 

their rate of mortality during transport (Haley et al., 2008). Similarly, Barton-Gade et al. (2007) 

found that Danish producers shipping less than 1,000 pigs per year had higher mortality than 

those shipping over 1,000 hogs.  It should be noted that transport companies often require 

smaller farms to use assembly yards or off-load pigs from the smaller farm trailers to standard 

commercial transports to make a full load and minimize transport costs.  Therefore, pigs from 

smaller farms have a greater probability of having more stops and being loaded, unloaded at an 

assembly yard and reloaded prior to transport to the abattoir (Barton-Gade et al., 2007). It is 

likely that the relationship between farm size and in-transit losses is related to the extra physical 

exertion experienced by pigs when loaded and unloaded multiple times, the microclimate on a 

truck with multiple stops and pig health.  
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1.5.3 Autosorter use, pre-sorting and group size 

 Finishing pens in North America have traditionally been designed with partially to fully 

slatted floors, contain 20-30 pigs and have self-feeders (Straw et al., 1999).  In these systems, 

pigs are usually sorted and removed from their home pen at the time of shipping (Johnson et al., 

2010). However, many producers have moved to large group sizes (100-500 pigs per pen) and 

the use of an autosorter. One-way gates route pigs over a scale which the producer can set to 

direct pigs to a separate pen if they have reached the target weight (Brumstead, 2004). The 

feature is activated by the producer therefore “sorted” pigs may be segregated for variable times 

prior to shipping on different farms. Not all auto sort systems are configured in the same way. 

One design uses a “food court”, with multiple self-feeders in one area which focuses on a pig’s 

desire to eat and forces the pigs to walk over the scale as they enter or exit the feed area 

(Brumstead, 2004). Other set-ups do not sort on food or water but on the concept that the group 

will want to stay together.  The configurations of auto sort systems are highly variable (Gonyou 

and Whittington, 2015).  

 It has been stated by Canadian swine producers and truckers that hogs from auto sort 

finishing barns are easier to load than hogs from conventional barns (Gonyou and Whittington 

2015) and seem less fearful of people and handling (Salak-Johnson 2015). If all other risk factors 

were equal, this would imply that pigs from auto sort barns have less stress at loading than hogs 

from conventional barns which could reduce in-transit losses. Plausible theories to support why 

pigs raised in large group auto sort pens might have reduced in-transit losses could include: 
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being raised in a large group setting decreases anxieties about unfamiliar pigs, becoming more 

accustomed to novel experiences such as walking through the sorter or the act of being 

regrouped or perhaps due to the previous experience with being sorted and moved while being 

trained to use the autosorter.   

 Rademacher and Davies (2005) and Brumstead (2004) investigated the impact of the use 

of auto sorters on in-transit losses and found the use of auto sorters to be associated with 

decreased mortality both in-transit and in lairage.  Rademacher and Davies (2005) examined 28 

months of data from one American production system with 115 farm sites but only performed 

univariate analyses. Brumstead (2004) compared 2,000 loads from 17 auto sort barns and 49 

conventional pen barns to one abattoir.  Owner, operator, genetics, transporter and season were 

included in the analysis.  It was not possible to tell if the auto sort barns were uniform or variable 

in their configuration. 

  It has been suggested that if pigs from the same pen are sorted into a holding pen prior to 

shipping, they have time to recover from the exertion of sorting prior to experiencing loading 

which may reduce in-transit losses (Johnson et al., 2010).  Johnson et al. (2010) completed a trial 

in June and July of one year using three farm sites from one Midwest USA production system to 

determine if finishing pigs kept in large groups (192 pigs/pen) that were sorted 24 hours prior to 

shipping had fewer in-transit losses than pigs kept in traditional pens (32 pigs/pen) that were 

marked, sorted and removed from the pen at the time of shipping.  In the large group pens, pigs 

ready for shipping were marked, sorted and locked into the centre of the pen by two swinging 
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gates.  As a result, for 24 hours prior to shipping the large group pen becomes 3 smaller pens.  

The authors found fewer in-transit losses from pigs housed in the pre-sorted, large group pens 

but admitted they could not distinguish if the effect was due to the large group size, the pre-

sorting or the combination (Johnson et al., 2010). The researchers included farm site, date and 

trailer load as fixed effects within the final model but did not indicate consideration of 

temperature, pig health, loading crew or sort number from the large group pen (Johnson et al., 

2010).  

  The same authors then completed a trial to compare pre-sorting to no pre-sorting within 

large group pens using the same production system and same 3 farm sites (Gesing et al., 2010).  

This time all pens were large group (292 pigs/pen) and pigs ready to be shipped were marked 48 

hours prior to shipping.  In the pre-sort group, pigs were locked into the centre of the pen by 

swinging gates 18 hours prior to shipping.  Similar to the first trial, the pre-sort pen became 3 

smaller pens prior to shipping.  No association between pre-sorting and reduced in-transit losses 

was found.  The potential impact of temperature, sort/pull number or pig health on the 

relationship between in-transit losses and pre-sorting was not considered (Gesing et al., 2010).  

Rates of in-transit losses were considerably lower in this second trial compared to the first 

(Gesing et al., 2010). The cold weather completion of the second trial compared to the first 

(December-March versus June and July) likely influenced the lower rates. 

 A third trial was completed by the same research group again using the same production 

system and farm sites but this time testing if pigs raised in large group pens (324 pigs/pen, non-
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auto sort) had lower in-transit losses than those raised in small groups (36 pigs/pen) (Gesing et 

al., 2011),  The third trial was completed in the summer (July-August) using 4,522 pigs.  Pigs in 

both pen types at the target weight for markets were marked at 48 hours prior to shipping but not 

sorted or moved until the time of shipping. No association between large group size and reduced 

in-transit losses was found (Gesing et al., 2011).  The potential impact of temperature, sort/pull 

number or pig health on the relationship between in-transit losses and group size was not 

considered (Gesing et al., 2011). Rates of in-transit losses were again lower than the first trial but 

comparable to the second (Gesing et al., 2011). Though the third trial was completed in the 

summer, the authors stated the temperatures were “unusually cool” (Gesing et al., 2011).  In 

addition, it is possible that after completing the first study the farm employees modified their pig 

handling/loading behaviors which might have had more of an effect on reducing in-transit losses 

than the test treatments. 

1.5.4 Previous handling 

 On many commercial swine farms, pigs do not leave their pen during the grower-finisher 

period and have little experience being moved or handled prior to shipping (Johnson et al., 

2012).  Experiences that are novel to pigs may result in increased heart rates and a reluctance to 

move (Lewis et al., 2008).  If pigs are stopping or moving cautiously during loading, greater 

handling pressure may be applied which would further increase a pig’s heart rate and exertion 

level.  Several studies have shown that moving pigs outside of the pen (i.e. previous experience 

with being directed towards the loading area) in the days or weeks prior to shipping reduces the 
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time required to load pigs on shipping day Abbott et al., 1995; Geverink et al., 1998; Stewart et 

al., 2008).  Stewart et al. (2008) hypothesized that the previous handling experience would 

reduce the stress and physical exertion of pigs at loading and in turn, reduce in-transit losses.  All 

treatment pigs were moved out of their pen, to the loading area and back one time on the day 

before they were shipped.  Data from 32 loads, shipped from 10 different sites of one production 

system over 9 different days from April to June were examined.  All loads contained treatment 

and control hogs. Loading time was significantly reduced in the pigs which had experienced 

being moved compared to controls but there was no statistical difference between the two 

treatment groups for in-transit losses (0.04% versus 0.03% for in-transit deaths and 0.18% versus 

0.03% for non-ambulatory hogs in control versus treatment respectively) (Stewart et al., 2008).  

The authors did not state that a farm site-treatment interaction was considered in the analyses.  It 

would have been interesting to know if this treatment had a significant impact on reducing in-

transit losses on sites with higher baseline rates of in-transit losses. 

1.6 Loading management and the relationship with in-transit losses of swine 

1.6.1 Mixing of unfamiliar pigs 

 When pigs are raised in stable groups and then mixed, fighting often occurs if resources 

such as food, water and preferred laying spaces are perceived to be limited (Estevez et al., 2007).  

This can occur in finishing barns where prior to shipping, fasted pigs are pulled from small pens 

and mixed into a larger group in the hallway or holding area to be loaded without access to food.  



 

 

31 

 

It has been stated that the fighting caused by mixing unfamiliar pigs results in increased stress 

(Warris, 1996), exertion levels (Bradshaw et al., 1996) and increased body temperature in the 

pigs involved in aggressive encounters/increased activity (Weschenfelder, 2013).  This may lead 

to exhaustion or death of the pig if these physiological responses reach critical levels and the 

stressors are not removed (Ritter et al 2009). Several studies have examined the effects of mixing 

pigs from more than one barn in a single transport vehicle on in-transit losses (Averos et al., 

2008; Aradom et al., 2012).  Averos et al. (2008) found no effect of loads being composed of 

pigs from one versus multiple farms on transport mortalities and suggested that the percent of 

loads (12.5%) from multiple farms was too low to see an affect.  However, finishing pigs from 

different pens within the same barn will also fight when mixed into a new group (Aradom et al., 

2012). This is a common occurrence during shipping in Canada and the USA in systems that use 

conventional style finishing pens (25-35 pigs/pen) in which the target weight hogs from each pen 

are selected for shipping that week. Therefore, it is possible that Averos et al. (2008) found no 

effect because unfamiliar pigs will show the same level of aggression regardless of whether they 

are from different farms or from different pens.     

 Fitzgerald et al. (2008) examined data from within one large production system in the 

Midwestern USA and determined that “load type” (pigs from one or multiple barns were on a 

load) significantly contributed to the variation in transport losses between loads but did not 

further discuss the variable within the paper. Gosalvez et al. (2006) examined the data from 46 

farms shipping 496 loads to abattoirs in Spain over all seasons.  Loads composed of pigs from 
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multiple farms had a greater rate of in-transit deaths (0.41%) compared to those loads with pigs 

from only one farm (0.25%).  The authors included season in the model to control for 

temperature variation but did not include a “farm” variable to control for variation in the physical 

exertion experienced by pigs at different farms due to varying loading designs and handling 

techniques.  The increase in in-transit losses attributed to “multiple barns per vehicle” could also 

be due to multiple loading events at different locations where ventilation is restricted while the 

truck is not moving leading to increased temperatures inside the transport vehicle.  This may 

increase the risk of in-transit losses in addition to fighting between unfamiliar pigs during 

transport. 

1.6.2 Number of pigs loaded at one time 

 No publications were identified that tested for an association between the size of a group 

of market hogs moved at one time during loading and in-transit losses.  Using heart rate as an 

indicator of pig stress, Lewis and McGlone (2007) examined the effect of the size of the group 

loaded on stress and ease of handling.  Heart rate was measured on 68 pigs as they were moved 

through a standard handling course with turns and straight sections. They found that average pig 

heart rates increased with the size of the group moved (when testing from 1 to 10 pigs/group) 

and determined that the industry standard of moving 5 hogs at a time is a good balance between 

minimizing both loading times and keeping pig heart rates and exertion levels low. 
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1.6.3 Tools used to move pigs 

 It is assumed that the shock experienced by the hogs when touched by an electric prod 

causes pain and stress as indicated by vocalization, movement and increased heart rate (Mayes 

and Jesse, 1988; McGlone et al., 2004). Repeated use of an electric prod may cause extreme 

stress to the pig. Collapse or death will result if a pig’s heart rate and/or temperature rise beyond 

physiological tolerance (Mayes and Jesse, 1988). Two studies examined how in-transit losses are 

affected by the procedures used to move pigs during loading. Averos et al. (2008) found no 

association between the use of electric goads (yes or no) during loading and in-transit losses. 

However, as judicious use of an electric prod is unlikely to cause excessive stress, a standard 

measurement of the frequency of use would likely be needed to demonstrate an association 

between prod use and in-transit losses. 

 Correa et al. (2008) compared the proportion of non-ambulatory hogs between groups of 

five hogs (total of 285 hogs) moved from a pen to the truck using one of the following tools; an 

electric prod, a board and paddle together or a board and paddle with use of a compressed air 

prod at the loading ramp.  Hogs that were loaded using an electric prod had a higher percent of 

non-ambulatory hogs at the abattoir than hogs moved using a board and paddle, with or without 

the compressed air prod (3% versus 0%).  However, no details on what variables were included 

in the analyses were provided.  The relationship between tool use and in-transit losses is 

confounded by temperature, loading crew (the level to which a tool is used), loading area designs 

(physical exertion experienced by pigs at loading) and pig health which were not discussed 
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within this conference abstract. McGlone et al. (2004) found that boards and paddles were as 

effective as an electric prod in moving pigs forward. Therefore, alternative tools for moving pigs 

should be selected over an electric prod to minimize the physical exertion and heart rates of pigs 

at loading (Canadian Agri-Food Research Council, 2001; McGlone et al., 2004). 

1.6.4 Sort group or pull number  

 Fitzgerald et al. (2008) found significantly fewer in-transit losses in the first group to be 

removed from the barn. The authors suggest that the close-out groups could be expected to have 

greater in-transit losses due to greater numbers of slow-growing potentially unhealthy pigs, and 

the addition of ractopamine (RAC) to the ration of only the last group to be shipped from the 

barn. The study did control for temperature, loading crew and site variation but did not account 

for possible differences between barns within a farm site or health of the pig. 

1.7 Design of the barn and shipping area and the relationship with in-transit losses 

 The design of the barn and shipping area is a factor in the amount of physical exertion 

experienced by pigs as they are moved from the pen to the truck for shipping to the abattoir. 

Design aspects which induce fear or reluctance slow the movement of pigs and may result in 

increased handling pressure to keep pigs moving or to shorten loading times.  The increased 

physiological stress response may lead to increased mortality and fatigued/down hogs during 

transport and on arrival at the abattoir. 
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1.7.1 Distance from pen to truck 

 Ritter at al. (2007) compared in-transit losses between pigs moved either a short 

(<30.5m) or long (60-91.4m) distance from their home pen to the truck for shipping. The 

researchers examined data from 42 loads shipped from one farm site (2 barns) to one Midwest 

USA abattoir.  No differences were found between the two groups for the percent of non-

ambulatory hogs, mortalities or total losses during transport (Ritter et al., 2007). A second study 

by Ritter et al. (2008) using the same production system (1 site with 6 finishing barns) examined 

the losses of 4 loads per day for 7 days in each season.  The second study also found no 

difference in in-transit losses between short (<24 m) and long (47-67 m) distances between the 

pen and loading chute (0.98% and 0.90% losses respectively) (Ritter et al., 2008). In both studies 

the journey length to the abattoir was 3-4 hours (Ritter et al., 2007, 2008). The authors 

hypothesized that pigs may recover during this time, negating any potential effects of distance 

moved and suggest further study during shorter transport distances is warranted (Ritter et al., 

2008). It is also possible that the distance moved for loading does not affect in-transit losses if 

the pigs are healthy and moved at an easy pace.  Loading crews for both studies were composed 

of university research and farm staff who were trained for their role in the studies (Ritter et al., 

2007, 2008). 
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1.7.2 Aisle and loading ramp width 

 The width of the hallway in the barn used for moving pigs should be built to suit the size 

of the group to be moved (Hill et al., 2001).  The width of the aisle or loading ramp should allow 

at least two pigs to move side by side without getting wedged (Johnson et al., 2013; Hill et al., 

2001).  Anderson et al. (2002) studied 108 hogs at loading and found a significantly positive 

association between hogs wedged in the aisle while being moved and hogs that later were non-

ambulatory.  The authors did not discuss if these pigs also had greater in-transit deaths or details 

regarding the statistical analyses. 

1.7.3 Loading ramp design 

 Several studies have measured variables which represent the exertion level and stress 

response of pigs when using a loading ramp (Garcia and McGlone, 2014; Berry et al., 2012).  

Berry et al. (2012) investigated the use of two different loading ramps, the traditional ramp (76 

cm wide, 4.6 m long, 19 degree rise with metal floor with metal cleats) and a prototype ramp 

(91cm wide, 9 m long, 7 degree rise to lower truck deck and 18 degrees to upper, with epoxy 

covered metal floor and cleats) on 74 loads from 8 barns at one farm site. Pigs loaded with the 

prototype ramp had fewer slips, falls, pile-ups, vocalizations and electric prods applied than 

those loaded with the traditional ramp. However, as the width, angle and flooring type were 

different between the two types of ramps it was not possible to tell how much each factor 

contributed to reducing the stress of pigs during loading.   
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 In a study of pig heart rates during shipping, the highest heart rates were reported when 

pigs were moving up the ramp (Mayes and Jesse, 1988). Garcia and McGlone (2014) compared 

the heart rate and time to load and unload 240 pigs when using ramp angles of 0, 10 and 20 

degrees at loading.  Heart rate, loading and unloading time increased as ramp angle increased 

suggesting greater exertion and reluctance when using steep ramps (Garcia and McGlone, 2014; 

Johnson et al., 2013). A slope of less than 20 degrees is recommended for ease of use by the pigs 

(Warriss et al., 1991).    

 Only one study could be found which investigated if there is a relationship between 

loading ramp design and in-transit losses (Berry et al., 2012). A second trial by Berry et al. 

(2012) at the same facility examining data from 497 loads showed no association between the 

type of loading ramp used (traditional or prototype) and in-transit losses.  The authors stated that 

the loading crew was the same for all loads and barn ID was considered in the model. While 

temperature was not recorded, month was considered within the model as a surrogate for 

temperature. It is possible there was no impact on in-transit losses as the steepest ramp 

(traditional) was still less than the maximum recommended 20 degrees and therefore did not 

negatively impact heart rate or exertion levels. 

1.7.4 Lighting, flooring, and the number of turns from pen to truck  

 Pigs will slow their forward movement when they experience differences in lighting, 

flooring colours, flooring surfaces or sharp turns in the hallway (Johnson et al., 2013; Hill et al., 
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2001). To improve the efficiency of the movement of pigs from pen to truck and reduce the 

stress to pigs caused by increased handling pressure, the lighting, flooring colour and flooring 

material should be similar to the home pen (Hill et al., 2001). No studies associating changes in 

lighting or flooring with in-transit losses were identified.   

Warriss et al. (1992) demonstrated that “the presence of a bend with an angle of 45 degrees 

slowed the pigs’ progress by 10 percent, a bend of 90 degrees slowed progress by 19 percent and 

a bend of 180 degrees slowed progress by 44 percent.”  Rademacher and Davies (2005) stated 

that having two 90 degree turns in the loadout alley showed increased risk of in-transit losses 

over other alley designs (no turns, 45 degree turn, one 90 degree turn, etc.).  The researchers also 

caution the over-interpretation of their result as they performed only univariate analyses of the 

data.  However slower pig movement from pen to truck may result in frustration by handlers and 

therefore the use of greater force to make pigs move forward creating increased pig heart rates 

and physical exertion.  

1.8 Pig-level risk factors for in-transit losses in swine: a review 

Published in Canadian Journal of Animal Science, 2017. 97; 339-346 

Reprinted with permission from the Canadian Journal of Animal Science 
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1.8.1 Abstract 

 In-transit losses (ITLs) of market weight pigs are defined as pigs that die and/or pigs that 

become non-ambulatory (NA) during the process of loading and shipping from the farm to the 

abattoir.  Annual rates of transport mortalities are low relative to the number of pigs transported 

to slaughter annually but are highly variable between countries and even between abattoirs 

within countries.  

 In-transit losses are not fully explained by the most commonly cited risk factors, such as 

environmental temperature, stocking density and journey length and other risk factors must be 

considered.   Low numbers of ITLs compared to the large number of pigs shipped each year 

imply individual pig factors should be given greater consideration.  Pig health pertaining to ITLs 

is not well-studied and post-mortems are rarely completed on in-transit loss (ITL) pigs.  In 

particular, compromised cardiac function combined with a limited ability for cardiac 

compensation may predispose pigs to ITLs as a result of the exertion experienced during sorting, 

loading, and transport.  Varying stages of cardiac compromise could explain the variable nature 

of ITLs.  Future research should focus on investigating the health conditions which could make a 

pig more susceptible to death or becoming non-ambulatory during transport. 

1.8.2 Introduction 

 In-transit losses of market weight pigs is defined as pigs that die and/or pigs that become 

non-ambulatory (NA) during the process of loading and shipping from the farm to the abattoir 
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(Ritter et al., 2009).  Non-ambulatory pigs are often further classified into two categories.  Either, 

non-ambulatory, not visibly injured (NANI) or non-ambulatory, visibly injured (NAI).  Annual 

rates of transport mortalities are variable between countries and even between abattoirs within 

countries.   Rates of ITL from studies completed over the last 10 years range from 0.012% in 

Denmark (Barton-Gade et al., 2007), 0.19% in USA and Germany (Werner et al., 2007; 

Sutherland et al., 2009) to 0.34% in the Czech Republic (Voslářová et al., 2010).  Canadian 

national annual transport mortalities ranged from 0.07% to 0.08% of market weight pigs 

transported to slaughter between 2003 and 2012, which does not include pigs transported to 

provincially inspected abattoirs. (Doonan et al., 2014). 

 A large amount of this variability is likely due to regional differences in climate, 

transport vehicles and shipping policies, but may also be due to how ITLs are defined or what 

data were used to calculate the ITL rate.   Some studies include only mortalities (e.g. no NA 

data) and may further categorize those numbers into mortalities that occur either on the truck or 

in lairage at the abattoir.  Author definitions of NANI pigs may include pigs that are unable to 

move and those able to walk but “not keeping up with their contemporaries” (Ritter et al., 2009).  

The definition of NANI is somewhat subjective and may result in non-ambulatory rates being 

more variable than mortality rates.  It is rarely stated what the authors’ interpretation of “injury” 

is when differentiating between NAI and NANI pigs.   

 The well-documented, easily recognizable pattern of increased transport mortalities 

during warmer temperatures has led to a strong belief that heat stress is the primary risk factor 
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for ITLs.  However, ITLs are a complex, multi-factorial problem (Mitchell and Kettlewell, 2008; 

Ritter et al., 2009) and temperature is only one risk factor. As Mitchell and Kettlewell (2008) 

concluded, “there are many concurrent stressors that may be imposed during transportation and 

the effects of these challenges may be additive or multiplicative in the sense that the detrimental 

effects of a given stressor may be exacerbated or enhanced by simultaneous exposure to 

another”.  Stressors affecting ITLs include factors experienced on the farm during sorting and 

loading, during travel, within the transport vehicle and aspects of individual pig genetics and pig 

health (Anderson et al., 2002; Ellis and Ritter, 2005ab).  Rarely are the risk factors for transport 

losses from all aspects of sorting and shipping considered in one study.  In particular, pig health 

prior to transport is infrequently investigated.  It is also rare that a post-mortem examination is 

completed on pigs that die during transport in order to identify a specific cause of death.  While 

environmental temperature is the most commonly cited risk factor for ITLs of swine, other 

journey-level factors such as stocking density, length of journey, truck type and ventilation or 

trailer microclimate are frequently investigated.  Much less time has been spent examining the 

relationships between ITLs and pig-level (e.g. existing health conditions) risk factors.  To date, 

the study of environmental, truck, and handling related risk factors has provided some but not all 

of the explanation for why pigs die during transport (Haley et al., 2008).  Consideration of pig 

health within these studies may have provided a more predictive model for ITLs. 

 The literature reviewed in this paper was gathered through a combination of topical 

internet searches and database searches of indexed journal citations (e.g. Medline).   The articles 
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included in this review were sourced from peer-reviewed journals, conference proceedings and 

industry reports.  Numerous articles have been published examining the effects of potential risk 

factors for transport losses (e.g. stocking density) on meat quality or serological responses which 

represent the level of stress or physical exertion a pig experiences at shipping (Bradshaw et al., 

1996; Barton-Gade and Christensen, 1998; Guise et al., 1998; Aradom et al., 2012).  Only papers 

which discuss the relationship between actual losses (mortalities and/or non-ambulatory pigs) 

and pig-level risk factors were included in this review.   Relationships between risk factors and 

ITLs investigated by researchers and described within this literature review were statistically 

significant (P < 0.05), unless otherwise noted.  Similarly, if it is stated in this review that an 

author found no association or relationship between a risk factor and ITLs, the association was 

tested but was not statistically significant (P > 0.05). 

 The purpose of this paper is to bring attention to less commonly considered pig-level risk 

factors for swine transport losses.  Health conditions existing prior to transport could make a pig 

more susceptible to death or to becoming non-ambulatory during transport and may be a missing 

component in explaining the variability of ITLs.   

1.8.3 Pig level factors and their relationship with in-transit losses 

1.8.3.1     Fasting status prior to transport 

 Within the swine industry it is commonly thought that fasting prior to transport will 

reduce ITLs (Sains, 1980).  The physiological mechanism as to why fasting might reduce 
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mortality has not been well-studied.  Only one hypothesis could be found in the literature which 

suggested that the pressure from a full stomach may reduce the diameter of the vena cava which 

would impair venous return and result in circulatory insufficiency eventually resulting in death 

(Warriss, 1998).   One of several possible alternative hypotheses may be related to the 

sympathetic and parasympathetic control of blood flow to the gastrointestinal (GI) system and 

pig health.  After eating, the parasympathetic nervous system increases blood flow to the 

stomach and intestines to assist with the digestion and absorption of food (Guyton and Hall, 

2000).  If the sympathetic nervous system is then stimulated, intense vasoconstriction of blood 

vessels to the GI system occurs in order to shunt blood to the heart and skeletal muscle (Guyton 

and Hall, 2000).  However, after a few minutes the “autoregulatory escape” response returns GI 

blood flow to normal or near normal levels and continues the process of digestion (Guyton and 

Hall, 2000).  Pigs that are not fasted prior to shipping may have a full stomach when their 

fright/flight response is triggered by the sorting and loading process.  Once the autoregulatory 

process has returned blood flow to the GI system, pigs experiencing the exertion of loading may 

have increased risk of ITLs due to cardiac insufficiency. 

 There is disagreement on the appropriate length of time for fasting (Faucitano, 1998).  

Guardia et al. (1996) states that fasting pigs between 12-18 h prior to shipping reduced in-transit 

mortalities compared to pigs that were fasted for less than 12 or greater than 18 h.  Stewart et al. 

(2008) studied pigs fasted for 16 h prior to shipping and their controls (no fasting) but found no 

relationship with pigs that died or became non-ambulatory.  However, the authors admit that the 
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number of loads examined was low due to problems at the packing plant which resulted in data 

collection only occurring in less than half of the loads that were to be included in the study 

(Stewart et al., 2008).   Averos et al. (2008) found that pigs on 71% of the 739 loads from five 

EU countries were fasted between 12-18 h prior to shipping and that the risk of in-transit deaths 

doubled in pigs that had not been fasted compared to those that had.   

 Too long a fasting duration may raise heart rates and exertion levels through increased 

aggression and fighting due to hunger (Guardia, 2009; Warris, 1998).  Pigs with existing health 

conditions may be more susceptible to ITLs and this added exertion could potentially be the 

factor adding the variability to studies on appropriate fasting duration. 

 It is difficult to differentiate the effects of fasting from those of other risk factors such as 

how or where pigs to be shipped are sorted during the fasting period.  For example, pigs fasted 

for 12-18 h may be: sorted early in the morning directly from their home pen after feeders were 

turned off the day before, mixed with unfamiliar pigs from other pens in a holding pen without a 

feeder or alternatively auto-sorted into a separate area with pen mates.  Fasting may be 

confounded by the effects of pre-slaughter management and the changes in behaviors that arise 

because of it (Guardia et al., 2009). 

1.8.3.2     Consumption of ractopamine 

 Ractopamine (RAC) is a β-adrenoreceptor agonist that is labelled for use as a feed 

additive for swine (American Veterinary Medical Association {AVMA}, 2014).  Feeding RAC 
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stimulates the β-adrenergic receptors to decrease fat deposition and increase protein synthesis 

which results in faster weight gains and increased lean deposition (Marchant-Forde and Poletto, 

2015).  It may also stimulate tachycardia, hypotension, anxiety, weakness and hypokalemia 

(Rosendale, 2004) and may result in an increased number of transportation losses as compared to 

pigs not fed RAC (AVMA, 2014; FDA, 2002; Marchant-Forde and Poletto, 2015).  It is plausible 

that RAC fed pigs are more susceptible to ITLs, as they are shown to experience increased 

aggressive interactions with other pigs (Poletto et al., 2010), increased physical contacts by 

handlers when moved (Marchant-Forde et al., 2003; Rocha et al., 2013) and increased heart rates 

(Marchant-Forde et al., 2003).  Underlying pig health conditions would be exacerbated by these 

behaviours. 

 For these reasons and others (e.g. residues in the meat and environment) the use of RAC 

is permitted in only a few countries (Canada, USA, and Brazil) (Marchant-Forde and Poletto, 

2015).  In 2002, Elanco added a warning to their label which stated, “Pigs fed Paylean are at an 

increased risk of exhibiting the downer pig syndrome.” (FDA, 2002). 

 Only one published study could be found which investigated the effects of RAC on the 

transportation losses of swine.  Swan et al. (2007) examined 96 loads of pigs from two different 

regions (Midwest and Southeast) of the United States.  In each region data were collected from 

four farm sites from four different production systems.  At each site the treatments of 0, 5 and 10 

ppm of RAC fed were randomly assigned to different barns.  Two trailer loads of pigs from each 

barn were used to evaluate the affects.  The researchers found that total transportation losses 
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(deaths, NAI and NANI pigs) were higher in pigs fed RAC than those that were not in the 

Midwest region.  However, there was not a significant difference in total losses between 

treatment groups from the Southeast region.  The researchers suggested that differences in 

transport times and environmental conditions between the two regions were likely responsible 

for the differing results (Swan et al., 2007).  Differences in barn and farm site effects would also 

impact the relationship between ITLs and the feeding of RAC. Further studies are needed to 

assess the relationship between these effects and pig health on ITLs in RAC-fed pigs.  

1.8.3.3     Slaughter Weight 

 The average slaughter weight of market pigs in North America has been increasing over 

the last twenty years (National Agricultural Statistics Service, 2015).  With that trend has come 

speculation that heavier pigs may be associated with increased transportation losses of swine 

(Ellis and Ritter, 2005a; Ellis and Ritter, 2005b).  However, there is scant published literature 

which investigates this topic.  Rademacher and Davies (2005) found a positive association with 

univariable analysis between pig weight and transportation mortalities through a retrospective 

examination of a dataset from a large swine operation in the USA but did not complete further 

analyses to determine if pig weight remained significant when considering multiple risk factors.  

Sains (1980) examined data from a four-month survey of pigs shipped to abattoirs in the United 

Kingdom and found no discernible trend between pig weight and in-transit mortalities but no 

details on the statistical analyses were included in the paper. 
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 It is likely that pig weight is a confounder of other relationships associated with transport 

losses.  For example, heavy pigs may be more likely to become wedged in narrow barn hallways, 

chutes or ramps during loading or unloading which has been associated with an increase in non-

ambulatory pigs (Anderson et al., 2002).  Alternatively, if the truck load size is determined 

simply by the number of animals that need to be shipped, then heavier pigs would be more 

crowded on the truck. While no study could be found which investigated the level of physical 

exertion or heart rates experienced by heavy hogs compared to lighter hogs during sorting and 

loading, it is plausible these responses may be greater at heavier body weights. 

1.8.3.4     Genetic predisposition to stress susceptibility 

 Porcine stress syndrome (PSS) is a condition of swine where following physical or 

psychological stress, a pig develops muscle stiffness, open-mouth breathing, blotchy skin, and 

increased body temperature often followed by death within minutes of the stress being 

experienced (Topel, 1968; Ball et al., 1978; Mabry et al., 1981).   The syndrome was considered 

a major industry problem between the late 1960s and early 1990s as it was associated with on-

farm and in-transit deaths of finishing pigs and sows and associated with poor meat quality in 

those affected animals that survived transport (Eikelenboom et al., 1978; Mabry et al., 1981; 

Mitchell and Heffron, 1982; Rundren et al., 1990; McPhee et al., 1992).  Porcine stress syndrome 

was recognized to be a heritable syndrome similar to malignant hyperthermia (MH) in humans 

(Webb and Jordan, 1978).  Fujii et al. (1991) discovered a mutation in the ryanodine receptor 

gene (RYR1) which was responsible for the pathological response of the majority of 
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MH/halothane reactors/PSS pig.  A blood test based on this finding made it easier and less costly 

(as compared to the use of the halothane challenge) to find reactors which allowed for the 

dramatic reduction of homozygous stress-gene positive animals from breeding herds.   

 In 1993, a study of commercial pigs from two western Canadian abattoirs found the 

proportion of positive or carrier pigs to be 9.7% (Murray and Johnson, 1998).  A 2007 study 

determined the proportion of positive or carrier animals in commercial herds from four Midwest 

American abattoirs to be 2.7% (Ritter et al., 2007).  It was speculated that ITLs would 

dramatically decrease with the decreased prevalence of stress-gene positive pigs (Murray and 

Johnson, 1998).  Data from the United States Food Safety and Inspection Service did not confirm 

this prediction (Ellis and Ritter, 2005b).   

 Research by Ritter et al. (2007) regarding ITLs has concluded that PSS/RYR1 positive 

pigs with the specific C to T single nucleotide polymorphism at nucleotide 1843 are no longer 

the main cause of pigs dying during transportation.  Ball and Johnson (1993) suggested that the 

large size of the RYR1 gene creates increased likelihood of other mutations in the gene giving 

rise to a MH phenotype.  This has proved true in humans with MH, but no literature could be 

found which investigated or found other mutations of the RYR1 gene in swine associated with 

MH.  However, researchers have documented RYR1 mutation-free pigs which experience muscle 

rigidity without death when challenged with halothane anesthesia (Allison et al., 2005).   The 

proportion of these RYR1 mutation-free halothane reactors ranged from 0-62% of the pigs tested 
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in the studies (Rempel et al., 1993; Allison et al., 2005).  No published rates of in-transit 

mortalities for these RYR1 mutation-free, yet halothane sensitive pigs were found.   

 After experiencing transport (1100 km) and simulated handling of a processing plant, 

Allison et al. (2006) found that RYR1 mutation-free pigs with a high scoring response (severe 

levels of muscle rigidity, blotchy red skin and tremors) to halothane anesthesia were more likely 

to become NA after transport and rigorous handling than RYR1 mutation-free pigs that had a low 

score response to halothane anesthesia (18.7% vs. 9%).  It has been postulated that genetic 

mutations (in genes other than RYR1) may still be a risk factor for the susceptibility of some pigs 

to death or fatigue during transit (Ellis and Ritter, 2005b).  Supporting this hypothesis, 

investigators at an American research facility have found that mutations in the dystrophin gene 

are associated with a PSS-like stress response in nursery pigs during handling and anesthesia 

(Nonneman et al., 2012).  

1.8.3.5     Pig health 

 The health status of a finishing pig prior to transportation may affect the pig’s 

physiological response to stress (Ellis and Ritter, 2005b) which may increase the risk of a pig 

becoming NA or to die during transport to the abattoir (Bergmann et al., 1988; Carr et al., 2005; 

Johnson et al., 2013).  Allison et al. (2006) recognized that there is “variability in the threshold 

of stress required to induce fatigued pigs”.  Individual pig health could explain the variation in 
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the rate of swine transportation losses when pigs shipped to market are exposed to the same risk 

factors of extreme temperatures and intense handling.  

 Sutherland et al. (2008) investigated the hoof and organ pathology of NANI and non-

downer commercial pigs at abattoirs in the mid-west USA.  They found no differences in rate of 

stomach ulcers, liver damage (scored as unaffected, minor or severe, N=249) or foot health 

(cracked hooves, swollen joints and abscesses, N=389) between the two groups. 

 Respiratory health has been hypothesized to be associated with increased mortality and 

fatigued pigs during transit (Carr et al., 2005; Wenzlawowicz, 2004).  Animals with poor lung 

health may not be able to effectively remove CO2 or heat from their system when undergoing the 

stress of transport or handling (Carr et al., 2005).   Sutherland et al. (2008) found no difference 

overall between NANI and control pigs when evaluating the percent of the lungs that were 

consolidated if abattoir was not considered.  The authors did not discuss if there was clustering 

with the NANI pigs (i.e. if down pigs were from the same farm site or production system) or 

indicate that temperature or season were included within the analyses.  Carr et al. (2005) 

evaluated the lungs of 246 downer pigs from 4 abattoirs in the Midwest USA and concluded that 

respiratory health was likely not a risk factor for downer pigs, as a relationship with lung score 

was not found.  However, the paper does not discuss non-downer pigs as a comparison and there 

were few details on statistical analyses.  MacGregor and Dewey (2003) palpated the lungs from 

all pigs that died during transit on a one-day visit to a Canadian abattoir and found that only 20% 

had evidence of chronic pneumonia (gross examination only).  No comparison to non-ITL pigs 
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was completed and neither the number of pigs examined nor if they were from the same farm 

was listed.  Based on the above studies, it seems unlikely that respiratory health is the primary 

cause of ITLs. 

Clark (1979) examined 366 randomly selected ITL pigs from 3500 ITL pigs in Canada 

and found chronic or pre-existing lesions (in all body systems) in 60/366 (16.4%) of the pigs 

examined.  Clark (1979) concluded that pre-existing health conditions were responsible for a low 

number of transportation losses in these finishing pigs due to the low number of ITL pigs 

affected and the mild status of the lesions.  However, 256/366 (70%) of pigs were found to have 

severe diffuse pulmonary congestion and pale contracted hearts, suggestive of acute left sided 

heart failure as the cause death.   

 In agreement with Clark (1979) and other later studies (Yang and Lin, 1997; Niewold et 

al., 2000) cardiac pathology has been suggested as a cause of mortality or severe distress in pigs 

during transport.  The ratio of organ size and weight to the total body weight of an animal is 

relatively constant within most species and is a product of natural selection to maximize 

physiological efficiencies (Niewold et al., 2000).  Deviations from these standard ratios are often 

indicative of pathology as they can create functional problems for the animal as the adaptive 

capability of body systems is limited (Niewold et al., 2000).   The mean heart-weight to body-

weight ratio of modern finishing pigs is reported at 0.3% which is low compared to other 

mammalian species (Niewold et al., 2000).  It has been suggested that the selective pressure for 

breeding fast-growing, lean and heavily-muscled pigs has led to this low heart-weight to body-
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weight ratio (Yang and Lin, 1997).  Hearts that exceed their innate physiological limits 

compensate to maintain normal cardiac function which over time lead to adaptive changes in the 

heart walls such as dilation and hypertrophy (Yang and Lin, 1997; von Fleet and Ferrans, 2000).   

These adaptive changes limit a pig’s ability to respond during periods of increased exertion 

(strenuous activity, fighting, fear, etc.) that may be experienced on the farm or during transport 

which could manifest as non-ambulatory or dead pigs during or after transport.  Allison et al. 

(2006) measured elevated pre-test blood metabolites in pigs that became NANI after a 

completing a course which represented handling at a processing plant.  The researchers stated 

that these pigs had a pre-existing hypermetabolic state which made them prone to becoming non-

ambulatory.  Tissue hypo-perfusion due to circulatory dysfunction and the presence of a 

hypermetabolic state can be responsible for lactic acidosis (Anderson et al., 2013), which is 

reported to occur in NANI pigs (Anderson et al., 2002; Ellis and Ritter, 2005b).   

 Werner et al. (2007) examined one year’s worth of records corresponding to 319,005 

pigs, received at a German abattoir which included findings from the ante-mortem veterinary 

inspections.  “Circulatory problems” was stated as the most common pathological finding 

(0.134% of animals examined), but no description of the clinical signs associated with this term 

was given.  MacGregor and Dewey (2003) found petechial hemorrhage of the cardiac muscle on 

all the hearts examined from pigs that died in-transit on a one-day visit to an abattoir in central 

Canada. The authors stated that the cardiac hemorrhage was characteristic of cardiac exhaustion. 
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 Bergmann et al. (1988) completed a post-mortem examination on 150 pigs that died 

during transport and found right ventricle dilation, lung congestion and edema which may 

indicate the impact of transport stress on the cardiac function of those pigs with existing heart 

lesions.  Bergmann et al. (1988) then compared 50 hearts (histologically) from the pigs that died 

in-transit to 150 hearts from pigs that did not die during transport to an abattoir.  The researchers 

found greater pathological changes in ITL pigs and evidence that these cardiac lesions existed 

prior to transport.  

 Liu et al. (1994) have also described a heart condition in pigs at a research facility which 

resulted in sudden death of the pigs during transport or handling without any previous clinical 

signs of cardiac disease.  These researchers compared the hearts of 55 pigs identified with the 

condition to 64 healthy crossbred pigs.  The identified pigs had heavier heart weights (473.5 g + 

31.8 versus 344.3 g +28.9, P < 0.001) and thicker left ventricle (26.4 mm +3.1 versus 14.1 mm 

+0.5, P < 0.001) and septum measurements (20 mm+2.7 versus 15.6 mm +0.3, P < 0.001) 

consistent with a pathological hypertrophy (Liu et al., 1994).  Histologic findings included 

myocardial fibrosis, disorganization of cardiac muscle cells and abnormal coronary arteries (Liu 

et al., 1994).  Based on these gross and histological findings, the researchers likened the 

condition to a heritable heart disease of humans, cats and dogs, called hypertrophic 

cardiomyopathy which has been associated with sudden death in apparently healthy individuals 

(Liu et al., 1994; Huang et al., 2001).  Further work by this research group confirmed the 

heritable nature of the heart condition (Huang et al., 2001).   



 

 

54 

 

1.8.4 Conclusions 

 The well-documented, easily recognizable pattern of increased transport mortalities 

during warmer temperatures has led to a strong, industry-wide assumption that the cause of death 

in ITL pigs is due to heat-stress or hyperthermia. While temperature is strongly associated with 

transport losses, ITLs still occur when temperatures are low, and many producers have no ITLs 

even when temperatures are greatly increased.  The literature supports in-transit losses as a 

complex, multi-factorial problem and temperature is just one risk factor.  Similarly, other 

commonly published truck-level associations (e.g. stocking density, livestock trailer ventilation, 

length of journey) play a role, but are not the sole reason for swine transport deaths.  Several 

studies examining ITLs in swine have concluded that farm-level risk factors may be the most 

significant when explaining transport losses.  These likely incorporate pig-level risk factors and 

pig health and it is reasonable to assume that this plays a key role in transportation losses.  The 

individual response of a pig to the stresses surrounding transport depends on their ability to 

compensate for the physiological stresses imposed.  Compromised cardiac function combined 

with a limited ability for cardiac compensation may predispose pigs to ITLs as a result of the 

exertion experienced during sorting, loading, and transport.  Varying stages of cardiac 

compromise could explain the seemingly unpredictable nature of ITLs.  Further study of the 

cardiac health of market pigs that die or become NANI during transport is warranted.  
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1.9 Thesis objectives 

The fundamental hypothesis behind this study was that individual pig disease existing prior to 

transport would make a pig more susceptible to death or recumbency on the truck or at the 

abattoir due to a compromised pig’s inability to cope with the physical exertion and stress 

associated with sorting, loading and transport.  The objectives of this thesis were threefold. 1) To 

determine if swine disease, particularly cardiac, were associated with in-transit loss (ITL) pigs 

and to describe these diseases. 2) To determine if a heritable cardiac condition could be 

associated with the lesions observed in pig hearts. 3) To determine if cardiac lesions, heart 

weights and heart ratios, and loading management risk factors on the farm were associated with 

low, moderate and high annual rates of in-transit losses on farms. 
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1.11 Tables 

Table 1.1 Rates of in-transit losses (ITLs) from studies completed in different countries over the 

past 10 years. 

Country Rate of ITL Year of 

publication 

Author Comments 

USA Deaths-0.19% 

NANI-0.22% 

NAI-0.05% 

2009 Sutherland et al. 

(2009) 

Data from 1 abattoir 

in the Midwest over 1 

year 

USA Deaths-0.06% 2010 Kephart et al. 

(2010) 

Data from 1 abattoir 

in Pennsylvania over 

14 months 

Denmark Deaths on truck-0.012% 

Deaths in lairage-0.005% 

2007 Barton-Gade et 

al. (2007) 

Data from 17 

abattoirs over 1 year 

Germany Deaths on truck- 0.19% 

Deaths in lairage- 

2007 Werner et al. 

(2007) 

Data from 1 abattoir 

over 5 years 
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0.01% 

Italy Deaths on truck- 

0.03% 

Deaths in lairage- 0.02% 

2014 Vitali et al. 

(2014) 

Data from 3 abattoirs 

over  5 years 

Czech 

Republic 

Deaths-0.34% 2010 Voslarova et al. 

(2010) 

Data from 1 abattoir 

over  4 years 
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CHAPTER TWO 

Post-mortem lesions and heart weights of in-transit loss market pigs 

in Ontario 

Published in the Journal of Animal Science, 2017: 95 (12) 5532-5536 

Reprinted with permission from Journal of Animal Science 

2.1 Abstract  

 In-transit losses (ITLs) of market weight pigs are defined as pigs that die or pigs that 

become non-ambulatory during loading and shipping from the farm to the abattoir.  The low 

proportion of in-transit losses in market pigs implies individual pig factors may influence ITLs, 

in addition to commonly considered environmental or transport factors.  Post-mortem 

examinations of ITL pigs (N=85) from one Ontario abattoir indicated the cause of death to be 

acute heart failure as a result of cardiac lesions that developed prior to transport.  The presence of 

pre-existing cardiac lesions may explain why no or only a few pigs die in a trailer even when the 

entire load is exposed to extreme temperatures and other common transport risk factors. 
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2.2 Introduction 

 In-transit losses (ITLs) of market weight pigs is defined as pigs that die during transport 

from farm to the abattoir or pigs that become non-ambulatory (NA) during transport and are 

euthanized on arrival to the abattoir (Ellis and Ritter, 2005).  In-transit losses are not fully 

explained by commonly cited risk factors such as temperature, trailer stocking density and 

journey length (Haley et al., 2008).  The low percent of market pigs that die during transport 

(Haley et al., 2008), compared to the large number of pigs exposed to known ITL risk factors 

suggests that individual pig factors may influence losses during transport.  Existing health 

problems in ITL pigs have not been well-studied and post-mortem examinations are not routinely 

performed on ITL pigs.  Health conditions existing prior to transport, in particular cardiac lesions 

could make a market pig more susceptible to dying or becoming non-ambulatory during 

transport and may be a missing component in explaining the variability of ITLs.  The purpose of 

this paper is to describe the lesions observed in post-mortem examinations of ITL pigs including 

their cardiac weights and weight ratios and to determine if it is plausible that any of the described 

findings could make a pig more susceptible to becoming an ITL. 

2.3 Materials and methods 

2.3.1 Sample collection 

 The post-mortem examinations and the collection and examination of hearts for this study 

occurred between June 2012 and April 2015.  The ITL pigs examined were collected from one 
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federally-inspected pig abattoir in Ontario, Canada.  At the time of collection, the abattoir was 

one of the three largest in Ontario, receiving approximately 15,000-20,000 pigs per week.  Pigs 

were identified by a tattoo which associates a pig with a geographic farm site and an owner.  

Confidential information was known only to the abattoir staff therefore researchers did not have 

access to farm management or farm production data or the genetic information of the herds 

involved.   

2.3.2 Carcass post-mortem examination of ITL pigs and collection of ITL hearts 

 Agreements were established with the abattoir to collect ITL pigs for post-mortem 

examination. The ITL pigs examined were a convenience sample of all ITL pigs at the abattoir 

based on the ability of the abattoir’s head of receiving to notify the project leader that an ITL had 

occurred.  ITL carcasses were then delivered within three hours of notification to the Animal 

Health Laboratory (AHL), University of Guelph, Guelph, Ontario, where the pathologist on duty 

completed a post-mortem examination.  Date of death, body weight, sex, type of ITL (dead on 

truck or euthanized), and gross pathological lesions observed during the post-mortem 

examination were recorded.   

Initial post-mortem examinations of 27 ITL pigs (data not shown) indicated that cardiac lesions 

were the predominant pathology observed in the ITL pigs.  As a result, a detailed examination of 

the heart was initiated on all subsequent ITLs collected in addition to the post mortem 

examination of each carcass.  All subsequent hearts were removed intact and stored in 10% 
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formalin for future examination by one pathologist (TVD) who followed a standard protocol 

(outlined below).  

2.4 Standardized heart examination protocol 

After a minimum of seven days of fixation in formalin, visible clots were removed from 

major vessels, non-cardiac tissue was trimmed away, and the aorta and pulmonary artery were 

trimmed to their bases.  The heart was then weighed, and the weight recorded as total heart 

weight (THW).  The aorta and pulmonary artery and left and right atria were assessed for the 

presence of dilation. The heart was then sliced transversely, approximately one third of the 

distance between the base of the heart and the apex and a digital photo was taken of the cross 

section of the base.   

The presence of thickening and/or dilation of the left and right ventricles were recorded. 

If clots were found in the chambers they were removed and weighed. The weight of the clots was 

subtracted from the total heart weight (THW). The atria were removed from the ventricles. The 

right ventricle was removed from the left ventricle and septum by cutting along the coronary 

grooves.  The right ventricle (RV) and then the left ventricle plus septum (LV+S) were weighed 

separately and these weights recorded.  Heart valves were examined and scored for the presence 

or absence of any thickening and/or nodularity. 

Four transmural sections of approximately 0.5 cm thickness and one cm2 were taken from 

each heart perpendicular to the long axis of the left ventricle. They included: 1) ventricular 
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septum (S) taken from approximately one third the distance between the aortic valve and the left 

ventricular apex 2) posterior left ventricle (PLV) wall approximately half the distance between 

the mitral valve annulus and the left ventricular apex 3) anterior left ventricle (ALV) wall 

approximately two cm lateral to the anterior descending coronary artery and 4) right ventricle 

(RV) wall at the apex.  In addition, a transverse section was taken of the proximal aorta dorsal to 

the aortic valves.  Slides were prepared routinely and stained with hematoxylin-eosin and the 

presence of any lesions was recorded. 

2.5 Statistical analyses 

The statistical program used for all analyses was Stata 14 (StataCorp LP, 2015). The 

number of unique farm sites, the bi-variate variables of the number of ITL pigs collected in 

cool/cold and warm/hot weather months (weather type), the sex of the pigs examined and the 

type of ITL were calculated. The percentage of cases where a specific lesion was observed 

during carcass post-mortem examination was calculated as the count of the specific lesion 

divided by the number of carcasses examined.  The frequency of gross and histologic cardiac 

lesions observed was calculated.  A Fishers exact test was used to compare the frequency of 

lesions between ITL type, sex and weather type.   

The average TWH, LV+S, RV, body weights, heart weight to body weight ratio (HW/BW) and 

left ventricle + septum to right ventricle ratio (LV+S/RV) were calculated.  A t-test was used to 

compare the heart weights and weight ratios between ITL type, sex and weather type. 



 

 

81 

 

2.6 Results 

2.6.1 Carcass post mortem 

In-transit loss pigs examined (N=85) came from 56 different farm sites. One ITL had an 

unrecorded farm site ID.  Forty-four percent of the pigs examined were collected during warm-

hot weather months (May-September) and the other 56% were collected during cool-cold 

weather months (October-April).  The ratio of male to female ITL pigs that had a post-mortem 

examination completed and where sex was recorded was 45:23 (17 pigs were missing the sex 

data). The ratio of type of ITL (euthanized on the truck on arrival to the plant vs. dead on arrival 

to the plant) was 33:52.  The frequency of post-mortem observations were: 14% (12/85) gastric 

lesions (gastrosplenic or colon torsion, ulcers, colitis, hepatic tear), 16% (14/85) limb fractures, 

18% (15/85) respiratory lesions (other than pulmonary edema e.g. tracheitis, pneumonia, pleural 

adhesions), 22% (19/85) congestion of liver, spleen or kidneys, 73% (62/85) pulmonary 

congestion and edema, 100% (85/85) cardiac lesions (pericarditis, endocarditis, dilation and/or 

hypertrophy of ventricles, dilation of aorta and pulmonary artery, dilation of atria). 

Significant differences in the post-mortem observations were found between ITL type.  

Limb fractures were greater for pigs that were euthanized (36% [12/33] euthanized vs. 4% [2/52] 

dead on the truck P=0.0001) and congestion of organs other than the lungs was greater for those 

that died on the truck (6% [2/33] euthanized vs. 33% [17/52] dead on truck P=0.004).  More ITL 

pigs had pulmonary edema and congestion (84% [31/37] vs. 65% [31/48] P=0.05) and 
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congestion of liver, spleen or kidneys (35% [13/37] vs. 13% [6/48] P=0.02) in the warm/hot 

weather compared to cool/cold weather. There were no significant differences between post-

mortem findings by sex. 

2.6.2 Gross cardiac lesions 

Characteristic gross lesions of ITL hearts consisted of variable severity of overall cardiac 

enlargement, LV hypertrophy (100% [85/85]), RV hypertrophy (36% [28/77]), RV dilation (98% 

[83/85]), dilation of the atria (64% [54/85]), dilation of the pulmonary artery and aorta (87% 

[74/85]), thickening/nodularity of the atrioventricular valves (40% [34/85]) and pericarditis 

(18%[15/85]).  There were no differences in the gross lesions by ITL type, sex or weather type.   

2.6.3 Histologic lesions 

Six of the 85 ITL hearts were missing histological data and were not included in the 

summary of histologic lesions. Myocardial fibres with hypertrophy (54% [43/79], degeneration 

(15% [12/79], disorganization (32% [25/79]), atrophy and fatty replacement(42% [33/79], 

nuclear rowing/multinucleation (86% [68/79] and interstial fibrosis (16% [13/79] were observed 

in addition to the lesions of medial hyperplasia (73% [58/79]) and perivascular fibrosis (44% 

[35/79] of the intramural coronary arteries.  There were no statistical differences in the presence 

of these lesions between type of ITL, sex or weather type. 
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2.6.4 Heart and body weights and weight ratios 

The average heart weights and heart weight ratios are listed in Table 2.1 along with the 

comparison of the average values for hearts collected in cool/cold and warm/hot weather.  Hearts 

collected in cool/cold weather had greater heart weight and weight ratios. There were no 

statistical differences in average heart weights and heart weight ratios by sex or ITL type.   

2.7 Discussion 

2.7.1 Carcass post-mortem examination 

The health status of a finishing pig prior to transportation affects a pig’s physiological 

response to stress (Ellis and Ritter, 2005).  Pre-existing lung or cardiac disease could increase the 

risk of a pig becoming NA or dying during transport to the abattoir (Bergmann et al., 1988; Carr 

et al., 2005; Johnson et al., 2013).  Our findings agree with several researchers who have 

evaluated the lungs of ITL pigs and concluded that respiratory health was not a risk factor (Carr 

et al., 2005; MacGregor and Dewey, 2003; Sutherland et al., 2008) and that the pulmonary 

congestion and edema observed were acute lesions (Clark, 1979; Bergmann et al., 1988).  The 

hypertrophy and dilation observed in the ITL pigs represent remodelling of the heart and vessel 

walls to compensate for compromised cardiac output.  The post-mortem observations of 

gastrosplenic torsion and hepatic tears could be a result of enlargement of these organs due to 

congestion from cardiac insufficiency (Robinson and Robinson, 2007). 
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It has been suggested that the relative low HW/BW ratio of modern domestic pigs (von 

Engelhardt, 1966; Niewold et al., 2000) may result in compensatory cardiac remodelling 

occurring to maintain cardiac output due to their well-muscled, fast growth (Yang and Lin, 

1997).  The cardiac lesions observed in ITL pigs together with the frequency of pulmonary 

congestion and edema and a lack of other significant findings suggest that the primary cause of 

death was acute heart failure.  This is similar to the findings reported in the few studies on ITL 

pigs where post mortem examinations were completed (Clark, 1979; Bergmann et al., 1988).  

Although it is commonly assumed that ITL hogs die of heat stress/heat stroke, it is difficult to 

distinguish from heart failure on post-mortem examination (Leon and Kenefick, 2012).  In 

addition, the diagnosis of heat stress is often assumed without confirmation by post mortem 

examination, as it occurs during hot weather (Barton-Gade et al., 2007; Sutherland et al., 2009; 

Haley et al., 2010; Nannoni et al., 2016).  The need for higher cardiac output to provide 

evaporative cooling during elevated temperatures can result in collapse, muscle weakness and 

clinical signs of heart failure in humans with cardiac remodelling (Szekely et al., 2015). 

Similarly, ITL pigs during hot weather are often observed to be short of breath, have blotchy 

areas of pale and reddened skin, weak or are down and unable to rise prior their death. 

No literature describing differences in organ congestion or limb fractures by ITL type 

could be found.  It is plausible to speculate that both these differences are explained by the length 

of time a pig was experiencing cardiac insufficiency until death.  Pigs that died during transport 

may have had a greater level of cardiac dysfunction than those that were euthanized and 
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therefore greater congestion of the organs was observed.  Pigs that were euthanized had cardiac 

lesions but perhaps did not have dysfunction until after the fracture and ensuing stress from that 

event occurred.  Alternatively, these pigs may be experiencing symptoms of cardiac dysfunction 

(down, distressed, anoxic, and ataxic) that makes them more susceptible to fractures during 

transport. 

2.7.2 Gross cardiac lesions 

The dilation and hypertrophy in the ventricles of ITL hearts were typical of compensatory 

changes occurring over weeks to months. The observation of RV dilation in ITL pigs agrees with 

the findings of Bergmann et al (1988) who suggested that this lesion resulted in acute heart 

failure of pigs during transport.  Gross RV dilation has been associated with RV dysfunction and 

poor prognosis in humans and pigs (Greyson et al., 2000; Madias, 2011).  The moderate to 

marked ventricular hypertrophy observed in the hearts of ITL pigs was also reported by Liu et al 

(1994).  These researchers observed thickened ventricular wall measurements in the pigs and 

likened the findings to manifestations of hypertrophic cardiomyopathy (HCM) a hereditary 

disease that can result in sudden death in humans and cats (Liu et al., 1994; Maron and Maron, 

2013).  It is plausible to speculate that pigs with ventricular dilation and/or hypertrophy would be 

less tolerant of the physical exertions experienced during loading and transport and would be 

more likely to succumb to acute cardiac failure. 
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2.7.3 Histologic lesions 

The lesions observed (medial hyperplasia and perivascular fibrosis of the intramural 

coronary arteries, hypertrophy and cellular disarray and nuclear rowing/multinucleation are 

similar to those associated with HCM in humans (Hughes, 2004) and an HCM-like condition in 

pigs (Clark, 1980; Liu et al., 1994; Shyu et al., 2002).  Additionally, thickening of the walls of 

intramural coronary arteries in pigs has also been noted in association with endocardiosis 

(Robinson and Robinson, 2007) and disorganization of cardiomyocytes has been associated with 

early histologic changes of remodelling due to pressure overload in the pig heart (Nediani et al., 

2000).    

2.7.4 Heart weights, body weight and ratios  

The THW/BW ratio of a pig decreases with increasing BW as the pig ages (Yang and 

Lin, 1997; van Essen, 2017).  Calculating the THW/BW may indicate cardiac hypertrophy.  

Although the average THW/BW ratio for ITL pigs examined in this study fell within the normal 

THW/BW ratio reference ranges for pigs (0.32-0.48%) (Robinson and Robinson, 2007), (125kg 

pigs:0.28-0.42%) (Wiseman et al., 2007), the number of pigs used to establish these values was 

low (eight and twelve respectively), no ages were given and the ranges were wide. The average 

THW/BW ratio for the ITL pigs was higher than the range listed for six to twelve month old 

cross-bred pigs without HCM-like cardiac lesions (N=64;0.33-0.35%) (Liu et al., 1994).  Several 

researchers have found increased THW/BW ratios in pigs with cardiac lesions (Liu et al., 1994; 
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Huang et al.,2001).  The average THW/BW ratio for ITL pigs was lower than the range listed for 

six to twelve month old, purebred, research pigs with HCM-like cardiac lesions (N=55; 0.39-

0.53%) (Liu et al., 1994).   

The gross examinations of 85 ITL carcasses from one Ontario abattoir indicated the 

primary cause of death in the majority of pigs to be acute heart failure.  It is plausible to 

speculate that pigs with the severity of cardiac lesions observed are likely unable to respond to 

the increased cardiac workload required during sorting, loading and transport to the abattoir.  

Further research is needed to elucidate whether the compensatory lesions are a result of a 

primary cardiomyopathy or are due to the low THW/BW ratio of modern, fast growing pigs. 
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2.9 Tables 

Table 2.1 Average heart weights and heart weight ratios for 85 in-transit loss finishing pigs from 

an Ontario abattoir and the comparison of these measures between hearts collected in cool/cold 

(October-April) and warm/hot (May-September) weather months. 

Weight Variable Total ITL 

Average 

Cool/cold 

weather average 

(SD) 

N=48 

Warm/hot 

weather average 

(SD) 

N=37 

P value 

Total heart weight (g) 465.9 

(80) 

489.9 

(85) 

434.7 

(60.9) 

0.001 

Left ventricle plus  

septum (g) 

282.7 

(45.7) 

291.8 

(49.1) 

271.0 

(38.3) 

0.04 

Right ventricle (g) 107.8 

(22.5) 

114.4 

(23.6) 

99.1 

(18) 

0.002 
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Left ventricle plus 

septum/Right ventricle 

2.67 

(0.36) 

2.58 

(0.35) 

2.77 

(0.35) 

0.018 

Body weight (kg) 122.8 

(9) 

125.6 

(10) 

119.2 

(7) 

0.001 

Total heart 

weight/body weight 

(g/kg) 

3.78 

(0.54) 

3.89 

(0.56) 

3.65 

(0.50) 

0.05 
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CHAPTER THREE 

A comparison of cardiac lesions and heart weights from market pigs 

that did and did not die during transport to one Ontario abattoir 

Accepted for publication November 2018, Translational Animal Science 

Reprinted with permission from Translational Animal Science 

3.1 Abstract 

In-transit losses of market hogs represent a small proportion of all market-weight pigs 

shipped in a year.  This suggests that individual pig factors may be a significant cause of in-

transit losses along with more traditionally considered environmental and transport factors.  An 

investigation was performed to determine if cardiac pathology and heart weights were associated 

with pigs that did or did not die during transport to an abattoir.  The hearts from 70 pigs that died 

in-transit to one Ontario abattoir and 388 pigs that arrived alive were collected and examined. 

Hearts from pigs that died during transport demonstrated greater frequencies of cardiac lesions 

(P<0.05).  These included hypertrophy of ventricle walls (Left:97% vs 64%; Right: 86% vs 

57%), dilation of ventricle chambers (Left:79% vs 0.5%; Right:100% vs 5%), and dilation of the 

pulmonary artery and aorta (59% vs 1.5%).   Total heart weight to body weight ratios were 

increased (3.6gm/kg vs 3.3gm/kg) and left ventricle plus septum weight over right ventricle 
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weight ratio was decreased in pigs that died during transport over non-in-transit loss pigs (2.5 vs 

2.8) (P<0.05).  This may indicate reduced cardiac function in hogs that died during transport.  

Pigs with reduced cardiac function would have exercise intolerance and be more susceptible to 

death during transport due to the increased cardiac workload required during sorting, loading and 

transport of the pigs to the abattoir.  Further research to quantify cardiac function in pigs with 

cardiac lesions or abnormal heart weight ratios is warranted. 

3.2 Introduction 

 In-transit losses (ITLs) of market weight pigs is defined as pigs that die during transport 

from the farm to the abattoir or pigs that become non-ambulatory (NA) during transport and are 

euthanized on arrival to the abattoir (Ritter and Ellis, 2005).  ITLs in pigs are not fully explained 

by the commonly cited environmental risk factors such as temperature and stocking density and 

additional risk factors should be considered (Haley et al., 2008).  The low proportion (0.7-0.8%) 

of market pigs that die during transport (Doonen et al., 2014) suggests that individual pig factors 

may be involved.  Health problems of in-transit loss (ITL) pigs have not been well-studied and 

post-mortem examinations at the abattoir are not routinely performed.  In a preliminary study, 

the post-mortem examinations of 85 ITL pigs from one Ontario abattoir indicated the cause of 

death to be heart failure (Zurbrigg et al., 2017). Pigs examined presented with pulmonary 

congestion and edema (62/85) and gross cardiac lesions of ventricular dilation, hypertrophy and 

dilation of the major vessels (85/85).  The researchers hypothesized that pigs with pre-existing 

cardiac pathology were less likely to tolerate the physical exertion experienced during transport, 
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which resulted in heart failure.  However, hearts from pigs that did not die during transport 

should be examined for comparison purposes.  This study compares the cardiac pathology and 

weights of hearts from ITL and non-in-transit loss (non-ITL) pigs.   

3.3 Materials and methods 

3.3.1 Collection of hearts from ITL pigs 

The collection and examination of ITL and non-ITL hearts occurred simultaneously 

between June 2012 and April 2015.  The ITL pigs and non-ITL pig hearts examined were 

collected from one federally-inspected pig abattoir in Ontario, Canada which at the time received 

15,000-20,000 pigs per week.  Pigs were identified by a farm identifier (tattoo) which associated 

a pig with a geographic farm site and an owner.  Farm site and owner information were known 

only to the abattoir staff.   

The 70 ITL pigs examined were a convenience sample of all ITL pigs at the abattoir 

representing 40 loads.  Carcasses were transported within 90 minutes of notification of the 

researcher, to the Animal Health Laboratory (AHL), University of Guelph, Ontario.  Carcasses 

were weighed, body weight recorded (BW) and hearts were removed intact, rinsed and stored in 

10% formalin for future examination by one pathologist who followed a standard protocol (see 

standardized heart examination protocol below).  An earlier study examined 85 carcasses and 

hearts from ITL pigs (Zurbrigg et al., 2017).  The 70 ITL hearts in this paper were not part of 

that preliminary study. 
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3.3.2 Collection of hearts from non-ITL pigs 

Hearts from non-ITL pigs were collected from the processing line at the same abattoir. 

Ten to fifteen non-ITL hearts were selected from the processing line on each of 37 different days 

over the study period representing 74 loads.  Hearts were selected by two different methods.  The 

first method was to select the fifth non-ITL heart from each unique group of carcass tattoos as 

they came down the processing line until 10 hearts were collected (each from a unique tattoo) in 

one day (N=100).  In the second method, hearts were collected from randomly selected farms 

shipping over 1500 pigs per year which had given consent to the abattoir regarding participation 

for in-transit loss studies.  For these farms, hearts were collected from the processing line by 

selecting every nth heart, where n=the total number of pigs shipped from that farm identifier that 

day/ 10.   

All the hearts from non-ITL pigs were removed from the processing line and placed in re-

sealable freezer bags labelled with the farm identification number (tattoo) and the order in which 

the heart was collected (i.e. 1st-10th).  Freezer bags containing hearts were placed in a cooler with 

ice packs and transported to the AHL. At the laboratory, the hearts were rinsed and placed intact 

into 10% formalin (within 1 hour of collection) for future examination by one pathologist (TVD) 

using the standardized protocol described below.  Due to abattoir protocols, a specific body 

weight for each non-ITL pig was not available.  The mean body weight and standard deviation 

for the load was provided and utilized as the body weight for non-ITL hogs. 
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3.3.3 Standard examination protocol: ITL and non-ITL hearts 

A complete description of the standard protocol for examining the hearts is found in Appendix I. 

The pathologist examining the hearts was blinded to whether the heart was designated as an ITL 

or non-ITL pig.  After a minimum of 7 days of fixation in formalin, visible clots were removed 

from major vessels and non-cardiac tissue and the aorta and pulmonary artery were trimmed to 

their bases.  The heart was then weighed, and the weight recorded as total heart weight (THW).  

The aorta and pulmonary artery were observed for the presence of dilation of the lumen of the 

vessel and thinning of the vessel walls. The heart was then sliced transversely, approximately 1/3 

of the distance between the base of the heart and the apex and the presence of thickening of the 

chamber walls and dilation of the lumen of any severity of the left and right ventricles were 

recorded.  Heart valves were examined and scored for the presence or absence of any thickening 

and/or nodularity. Hearts were sectioned into left ventricle and septum (LV+S) and right 

ventricles (RV) and each section weighed separately. 

Four transmural sections of approximately 0.5 cm thickness and one cm2 were taken 

perpendicular to the long axis of the left ventricle from each heart. They included: 1) ventricular 

septum (S) taken approximately one third of the distance between the aortic valve and the left 

ventricular apex 2) posterior left ventricle (PLV) wall taken approximately half the distance 

between the mitral valve annulus and the left ventricular apex 3) anterior left ventricle (ALV) 

wall sectioned approximately two cm lateral to the anterior descending coronary artery and 4) 

right ventricle (RV) wall taken at the apex.  In addition, a transverse section was taken of the 
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proximal aorta dorsal to the aortic valves.  Slides were prepared routinely and stained with 

hematoxylin-eosin.   The pathologist recorded and described all lesions found in the sections. 

3.3.4 Statistical analyses 

The statistical program used for all analyses was Stata 14 (College Station, TX V14).   

Significance was set at P<0.05.  A Fishers exact test was used to determine if there were 

significant differences in the frequencies of the gross and histologic cardiac lesions between 

hearts of ITL and non-ITL pigs.  The ratios of THW/BW and LVS/RV were calculated for each 

pig from the recorded THW, LVS, RV and BW.  A LVS/RV ratio of less than 2.8 was used as an 

indicator of RV hypertrophy (Robinson and Robinson, 2007).  A t-test was used to determine if 

there was a significant difference between the mean THW, LVS, RV, BW, THW/BW and 

LV+S/RV of ITL and non-ITL pigs.  

3.4 Results 

3.4.1 Heart collection 

The 70 hearts from ITL pigs came from 44 different farm sites.  The 388 hearts from the 

non-ITL pigs came from 75 different farm sites.  
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3.4.2 Gross cardiac lesions  

Gross cardiac lesions were more frequently (P<0.05) observed in hearts from ITL pigs 

compared to non-ITL pigs (Table 3.1).  Frequently hypertrophy and dilation were observed in the 

same heart.  Combined dilation of the LV ventricle chamber and hypertrophy of the LV wall 

were observed in the 77% (54/70) of ITL pig hearts. Combined dilation of the RV ventricle 

chamber and hypertrophy of the RV wall were observed in 85% (60/70) ITL pig hearts.  Gross 

cardiac lesions were considered to have been present prior to transportation. 

3.4.3 Heart weights and body weights 

Heart weights, body weights, THW/BW and LV+S/RV ratios for the hearts of ITL and 

non-ITL pigs are compared in Table 3.2.  In-transit loss pigs had greater THW, LV+S, RV, BW 

and THW/BW ratios than non-ITL pigs (P<0.05).  Non-ITL pigs had a greater LV+S/RV than 

ITL pigs (P<0.05) and the ratio was under 2.8 for ITL pigs.  

3.4.4 Histologic lesions  

The heart from one non-ITL pig and nine ITL pigs had one or more slides missing from 

the set and were not included in the histologic analyses.  There were no differences (P>0.05), in 

the frequency of histologic lesions between hearts from 61 ITL and 387 non-ITL pigs except for 

the greater cellular disarray and interstitial fibrosis observed in non-ITL hearts. The frequencies 

of histologic lesions for ITL versus non-ITL pigs were as follows: medial hyperplasia of the 
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intramural coronary arteries [53/61 (87%) versus 332/387 (86%)], perivascular fibrosis of the 

intramural coronary arteries [47/61 (77%) versus 308/387 (80%)], hypertrophy of the myocardial 

fibres [52/61 (85%) versus 332/387 (86%)], atrophy and fatty replacement of myocardial fibres 

[13/61 (21%) versus 80/387 (21%)], degeneration of myocardial fibres [3/61 (5%) versus 14/387 

(4%)], nuclear rowing (pleomorphism) of myocardial fibres [52/61 (85%) versus 356/387 

(92%)], cellular disarray of myocardial fibres [44/61 (72%) versus 330/387 (85%) P<0.05], and 

interstitial fibrosis of myocardial fibres [4/60 (7%) versus 79/387 (20%) P<0.05]. 

Appendix II contains photos (figures 1-6) demonstrating the gross lesions described and 

comparing an ITL heart with characteristic lesions to a non-ITL heart without lesions. 

3.5 Discussion 

3.5.1  Gross cardiac lesions 

The frequency of LV hypertrophy, RV dilation of the ventricle walls and dilation of the 

atria, aorta and pulmonary artery in ITL pigs were like those found in a previous study involving 

a post-mortem examination of the entire carcass of pigs that died during transport (Zurbrigg et 

al., 2017).  The observation of RV dilation in ITL hogs and the suggestion that this pre-existing 

lesion resulted in acute heart failure of pigs during transport, has been previously published 

(Bergmann, 1988; Zurbrigg et al., 2017).  Hypertrophy of the ventricle walls and dilation in the 

lumen of the ventricles, aorta and pulmonary artery indicate remodelling and a heart in a state of 

compensatory or decompensatory heart failure (Lilley, 2011).  Hypertrophy of the ventricle can 
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turn from adaptive to maladaptive as the thickening ventricle wall begins to impair contractility 

and relaxation (Robinson and Robinson, 2007).   Dilation of the LV chamber has been associated 

with electrical instability and death (Gaudron et al., 2001) and RV chamber dilation has been 

associated with RV dysfunction and a poor prognosis in humans and pigs (Greyson et al., 2000; 

Madias et al., 2011).  These conditions have also been associated with exercise intolerance in 

people (Pinsky, 2016).  During physical exertion, pigs may show signs of exercise intolerance 

through wheezing, trembling and becoming non-ambulatory.  It is plausible that the significantly 

increased frequency of dilation and hypertrophy of the ventricles observed in ITL hearts over 

non-ITLs is associated with reduced tolerance to the exertion and stress of transport resulting in 

increased mortalities. 

Examination of the hearts of 70 ITL pigs revealed gross cardiac lesions that existed prior 

to transport and are indicative of compensatory remodelling. The greater frequency of these 

cardiac lesions in the hearts of ITL pigs compared to non-ITL pigs and the increased average 

heart weights and average HW/BW ratios of ITL pigs suggests the possibility that acute cardiac 

failure is a major cause of ITLs.  It is likely that pigs with the cardiac lesions observed in ITL 

hearts are unable to respond to the increased cardiac exertion required during sorting, loading 

and transport to the abattoir. Further research is needed to determine what initiates these cardiac 

changes in pigs and if they are heritable. A complete examination of the heart including total and 

sectioned cardiac weights and ratios should be a key component of a post-mortem examination 

when determining the cause of death in ITLs. 
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3.5.2  Heart weights and body weights 

The THW, LVS, RV, THW/BW and LVS/RV identified in this study were consistent 

with the weights observed in ITL hearts in a previous study (Zurbrigg et al., 2017).   The heavier 

THW, LVS, RV and greater THW/BW ratio of ITL hearts is indicative of cardiac remodelling 

(Bienvenue et al., 1991; Carr et al., 2005).  The lower LV+S/RV ratio (under 2.8) observed in 

ITL pigs has been associated with RV hypertrophy (Robinson and Robinson, 2007).  Previous 

research has indicated increased THW/BW ratios in pigs with cardiac lesions observed at post-

mortem examination (Drolet et al., 1992; Liu et al., 1994; Huang et al., 2001). 

The higher average body weight of ITL pigs compared to non-ITL pigs implies an 

increased risk of transport death in heavier pigs. Studies by Rademacher and Davies (2005) and 

Nannoni et al. (2016) support this concept.  It has been suggested that heavier pigs may show an 

increased metabolic response and temperature rise during transport compared to lighter weight 

pigs making them more susceptible to transportation losses (Ritter and Ellis, 2005). 

3.5.3  Histologic lesions 

Some of the histologic lesions observed (e.g. medial hyperplasia and perivascular fibrosis 

of the intramural coronary arteries, hypertrophy and cellular disarray, nuclear enlargement and 

nuclear rowing) are like those associated with hypertrophic cardiomyopathy (HCM) in humans 

(Hughes, 2004) and an HCM-like condition in pigs (Liu et al., 1994; Shyu et al., 2002).  

However, there were no differences in the frequency of these lesions between ITL and non-ITL 



 

 

105 

 

hearts.  It is possible that a difference in the severity of the lesions were present but not captured 

with the present or absent scoring system.  Additional studies are needed before histologic 

cardiac lesions should be used to differentiate between ITL and non-ITL hearts in swine.  

3.5.4  Limitations 

Due to the abattoir protocol, a specific pig body weight corresponding to each non-ITL 

heart could not be determined. However, the abattoir paid the highest prices for pigs that fell 

within a specific weight and back fat category. This encouraged low variation of body weights in 

a farm’s shipments as was demonstrated by the low standard deviation of weights in a load (data 

not shown).  Therefore, using the mean BW per shipment would have provided a close 

approximation of the actual BW of each pig. 

3.5.5  Conclusions 

Examination of the hearts of 70 ITL pigs revealed gross cardiac lesions indicative of 

compensatory remodelling. The much greater frequency of these cardiac lesions in the hearts of 

ITL pigs compared to non-ITL pigs and the increased ratio of THW/BW and decreased ratio of 

LVS/RV of ITL pigs suggests that cardiac pathology is associated with ITLs.  It is possible that 

pigs with decreased LVS/RV ratios (under 2.8) are unable to respond to the increased cardiac 

exertion required during sorting, loading and transport to the abattoir which results in transport 

mortalities due to cardiac insufficiency.   Further research is needed to determine what initiates 

cardiac remodelling in pigs and to measure cardiac function in pigs with lesions.  A complete 
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examination of the heart including total and sectioned cardiac weights and ratios should be a key 

component of a post-mortem examination when determining the cause of death in ITLs. 

  



 

 

107 

 

3.6 References 

Bergmann, V., Grafe A., Spremberg, F. 1988. Transportbedingte herz-kreislauf-insuffizienz und 

myokardveranderungen beim schwein. Mh. Vet. Med. 43:472–474. 

Bienvenu, J. G., and Drolet, R. 1991. A quantitative study of cardiac ventricular mass in dogs. 

Can J Vet Res. 55:305–309. Available from: 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1263474/ 

Carr, S. N., J. P. Gooding, P. J. Rincker, D. N. Hamilton, M. Ellis, J. Killefer, McKeith, F.K. 

2005. A survey of pork quality of downer pigs. J Muscle Foods. 16:298–305. Available from: 

http://onlinelibrary.wiley.com/doi/10.1111/j.1745-4573.2005.00022.x/full 

Doonen, G., Benard, G., Cormier, N. 2014. Swine veterinarians are a vital resource for 

minimizing the incidence of stressed pigs during transport. Canadian Veterinary Journal. 

55:491–493. 

Drolet, R., D’Allaire, S., Chagnon, M.  1992. Some observations on cardiac failure in sows. 

Canadian Veterinary Journal. 33:325–329. 

Gaudron, P., I. Kugler, K. Hu, W. Bauer, C. Eilles, Ertl, G. 2001. Time course of cardiac 

structural, functional and electrical changes in asymptomatic patients after myocardial Infarction: 

their Inter-relation and prognostic impact. Journal of the American College of Cardiology. 

38:33–40. 



 

 

108 

 

Greyson, C., Y. Xu, L. Lu, Schwartz, G.G. 2000. Right ventricular pressure and dilation during 

pressure overload determine dysfunction after pressure overload. American Journal of 

Physiology, Heart and Circulation Physiology. 278:H1414–H1420. Available from: 

http://ajpheart.physiology.org/content/278/5/H1414.short 

Haley, C., C. E. Dewey, T. Widowski, Z. Poljak, Friendship, F. 2008. Factors associated with in-

transit losses of market hogs in Ontario in 2001. Canadian Journal of Veterinary Research. 

72:377–384. Available from: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2568040/ 

Huang, S.-Y., J.-H. Lin, E.-C. Lin, P.-C. Yang, Tsou, H.L. 2001. Effects of birth season, breed, 

sex, and sire family on cardiac morphology determined in pigs (Sus scrofa domestica) by use of 

echocardiography. Comparative Medicine 51:545–549. Available from: 

http://www.ingentaconnect.com/content/aalas/cm/2001/00000051/00000006/art00010 

Hughes, S. E. 2004. The pathology of hypertrophic cardiomyopathy. Histopatholgy. 44:412–427. 

Available from: http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2559.2004.01835.x/full 

Lilly LS. 2011. Pathophysiology of heart disease. 5th ed. Lippincott William and Wilkins, 

Baltimore, MD. 

Liu, S., Y. T. Chiu, J. J. Shyu, S. M. Factor, R. Chu, J. H. Lin, H. L. Hsuo, P. R. Fox,Yang, P.C 

1994. Hypertrophic cardiomyopathy in pigs: quantitative pathologic features in 55 Cases. 



 

 

109 

 

Cardiovascular. Pathology. 3:261–268. Available from: 

http://www.sciencedirect.com/science/article/pii/1054880794900124 

Madias, J. E. 2011. Right ventricular dilatation: an often neglected component in the 

electrocardiographic assessment of patients with heart failure. Europace. 13:1217–1218. 

doi:10.1093/europace/eur129. Available from: 

http://europace.oxfordjournals.org/cgi/doi/10.1093/europace/eur129 

Nannoni, E., G. Liuzzo, A. Serraino, F. Giacometti, G. Martelli, L. Sardi, M. Vitali, L. 

Romagnoli, E. Moscardini, Ostanello, F. 2016. Evaluation of pre-slaughter losses of Italian 

heavy pigs. Animal Production Science. doi:10.1071/AN15893. Available from: 

http://www.publish.csiro.au/?paper=AN15893 

Pinsky, M. R. 2016. The right ventricle: interaction with the pulmonary circulation. Critical 

Care. 20. doi:10.1186/s13054-016-1440-0. Available from: 

http://ccforum.biomedcentral.com/articles/10.1186/s13054-016-1440-0 

Rademacher, C., Davies, P. 2005. Factors associated with the incidence of mortality during 

transport of market hogs. Available from: http://conservancy.umn.edu/handle/11299/143561 

Ritter, M. J., Ellis, M.., Berry, N. L., Curtis, S E., Anil, L., Berg, E., Benjamin, M., Butler, D., 

Dewey, C., Driessen, B., DuBois, Paul R., Hill, J. D., Marchant-Forde, J. N., Matzat, P., 

McGlone, John J., Mormede, P., Moyer, T., Pfalzgraf, K., Salak-Johnson, J., Siemens, M., Sterle, 



 

 

110 

 

J., Stull, C., Whiting, T., Wolter, B., Niekamp, S. R., Johnson, A. K., "Review: Transport Losses 

in Market Weight Pigs: I. A review of definitions, incidence, and economic impact" (2009). 

Animal Science Publications. 96. https://lib.dr.iastate.edu/ans_pubs/96 

Robinson W, and Robinson N. 2007. Chapter 1: Cardiovascular system. In: Jubb, Kennedy and 

Palmer’s Pathology of Domestic Animals. Vol. 1. 5th ed. Elsevier Saunders, New York, NY. p. 

1–101. 

Shyu, J.-J., C.-H. Cheng, R. A. Erlandson, J.-H. Lin, Liu, S.K. 2002. Ultrastructure of intramural 

coronary arteries in pigs with hypertrophic cardiomyopathy. Cardiovascular. Pathology. 11:104–

111. Available from: http://www.sciencedirect.com/science/article/pii/S1054880701001016 

Zurbrigg, K., T. van Dreumel, M. F. Rothschild, D. Alves, R. Friendship, O’Sullivan, T.L. 2017. 

Rapid Communication: Postmortem lesions and heart weights of in-transit-loss market pigs in 

Ontario. Journal of Animal Science. 95:5532–5536. doi:10.2527/jas2017.2089. Available from: 

https://academic.oup.com/jas/article/95/12/5532/4772104 

 

 

  



 

 

111 

 

3.7 Tables 

Table 3.1 Frequencies of gross cardiac lesions from the hearts of 70 in-transit loss (ITL) pigs 

and 388 non-in-transit loss (Non-ITL) market pigs from one abattoir in Ontario, Canada. 

Gross Lesion ITL 

(%) 

Non-ITL 

(%) 

Thickened, nodular atrioventricular values (endocardiosis) 35/70(50)* 14/388(3.6) 

Hypertrophy of left ventricle wall 68/70(97)* 247/388(64) 

Hypertrophy of right ventricle wall 60/70(86)* 221/388(57) 

Dilation of chamber of left ventricle 55/70(79)* 2/388(0.5) 

Dilation of the chamber of the right ventricle 70/70(100)* 21/388(5) 

Dilation of the chambers of the atria (one or both) 47/70(67)* 2/388(0.5) 

Dilation of the lumen of the aorta and pulmonary artery 41/70(59)* 6/388(1.5) 

Thickened, fibrotic pericardial sac (pericarditis) 4/70(6) 1/388(0.25) 

*P<0.05 for the comparison between the in-transit loss and non-in-transit loss values using 

a Fisher’s exact test. 

  



 

 

112 

 

Table 3.1 Heart weights of 70 in-transit loss (ITL) and 388 non-in-transit loss (Non-ITL) market 

pigs from one abattoir in Ontario, Canada. 

Weight Variable ITL(SD) Non-ITL(SD) 

Total heart weight (g) 464 (70.8)* 403.5 (49.9) 

Left ventricle plus septum (g) 282.6 (42.2)* 251.5 (29.2) 

Right ventricle (g) 113.4 (23.8)* 92.4 (14.2) 

Left ventricle plus septum/Right ventricle 

[under 2.8 indicates RV hypertrophy]** 

2.5 (0.33)* 2.8 (0.36) 

Body weight (kg)  128 (9.4)* 124.2 (5.7) 

Total heart weight/body weight (g/kg) 3.6 (0.52)* 3.3 (0.38) 

*P<0.05 for the comparison of the mean ITL and non-ITL values using a t-test. 

**(Robinson and Robinson, 2007) 
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CHAPTER FOUR 

Cardiac weights and weight ratios as indicators of cardiac lesions in 

pigs: a study of pig hearts from an Ontario abattoir. 

Published in Canadian Journal of Veterinary Research, 2018. 82;198-202 

Reprinted with permission from Canadian Journal of Veterinary Research 

4.1 Abstract 

Clinically healthy pigs used in research are assumed to have normal cardiac structure and 

function.  Pigs with subclinical cardiac abnormalities may adversely affect the responses being 

measured in these experiments.  The gross and histological lesions observed in hearts collected 

in this study from one Canadian abattoir between 2012 and 2015, indicated an unexpectedly high 

prevalence of cardiac pathology.  Seventy-five percent (297/396) of the hearts examined had 

gross and histologic lesions. The ratios of total heart weight/body weight and right ventricle 

weight/body weight were significantly greater for hearts with lesions when compared to those 

with no lesions suggesting that cardiac remodelling, particularly hypertrophy had occurred.  The 

large percentage of hearts with cardiac remodelling from asymptomatic market pigs 

demonstrates an increased probability that subclinical cardiac pathology may exist in research 
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pigs especially if accessed through commercial channels.  Researchers should be aware of this 

likelihood if subclinical cardiac pathology could adversely affect their experimental findings.  

4.2 Introduction     

Pigs are frequently used as a model for human cardiac research due to their similar size of 

heart and vasculature (1, 2). The intrinsic responses of dilation and hypertrophy are also similar 

to humans (2) and as such pigs have been used to study the pathophysiological and the gene 

expression responses of syndromes such as atrial fibrillation (3, 4).  During times of increased 

stress or physical exertion, pigs are known to display symptoms of cardiac insufficiency and die 

suddenly in research and commercial environments (1, 2, 5 ,6). Investigations of pig hearts in 

swine production settings have suggested that structural abnormalities like hypertrophy may be 

responsible for a portion of on-farm and in-transit losses of pigs (7, 8).  Differences in the QT 

interval and P wave morphology of electrocardiograms (ECGs) of some pigs may also indicate 

susceptibilities to prolonged ventricular repolarization, arrhythmias and sudden death (1).   

Domestication and intense genetic selection may have influenced not only carcass traits 

and growth performance but unintentionally affect cardiac size and function as well (9).   Heart 

weight to body weight values of a wild boar have been stated to be 0.42%-0.64% (9, 10) as 

compared to the same ratio for a modern sow (0.3%) (10) or growing pig (0.27%-0.44%)(10, 

11).  The changes to cardiac size have been suggested to affect the pig’s adaptability in their 

cardiac responses to increased exertion leading to greater risk of cardiac insufficiency (8, 9). 
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      Criteria used in research to determine that a heart is normal are often not stated or are 

based on the absence of one specific abnormality of interest in the study.   Undetected cardiac 

lesions or structural changes may affect the pathophysiological responses and gene expression 

recorded in experiments using pigs.  The use of heart weight and heart weight to body weight 

ratios should allow the detection or confirmation of gross cardiac lesions in hogs that outwardly 

appear healthy.  This study demonstrated a high prevalence of cardiac abnormalities in healthy 

pigs and that increased post-mortem cardiac weights and heart weight to body weight ratios may 

predict the presence of gross cardiac lesions. 

4.3 Methods      

Hearts were collected from the processing line of one of the three largest pig abattoirs in 

Ontario, Canada between June 2012 and April 2015. At the time of collection, the abattoir 

slaughtered 15,000 pigs per week between the ages of 5-7 months. Ten to fifteen hearts were 

selected from the processing line on each of 37 different days over the study period. Hearts were 

selected by two different methods. 1. The fifth heart was picked from each unique group of 

carcass tattoos as they came down the processing line until 10 hearts were collected from 10 

unique tattoos (N=100). 2. Thirty unique tattoos were selected from a list of all tattoos shipping 

greater than 1000 pigs to the abattoir in 2013 (the most recent full year of data at the time). These 

tattoos were selected randomly by starting half-way down the list and then selecting every 6th 

tattoo until 30 were obtained. The abattoir contacted the selected owners to determine if they 

would participate in the study. If an owner did not want to participate, then the abattoir contacted 
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the next owner from the list of tattoos shipping to the abattoir. This process was repeated until 30 

owners agreed to participate. The abattoir notified the researcher (KZ) of the date, time and 

number of pigs to be shipped for each of the 30 owners that agreed to participate and KZ 

collected 10 hearts from each of the 30 tattoos. Hearts were collected from the line by selecting 

every nth heart, where n=the total number of pigs shipped from that tattoo that day/10. 

Agreement by the owners to participate in the study was required as this group of hearts was also 

utilized for an additional study. Hearts were removed from the processing line and placed in re-

sealable freezer bags, placed in a cooler with ice packs and transported to the Animal Health 

Laboratory (AHL), University of Guelph. The hearts were placed intact into 10% formalin 

(within 2 hours of collection) for future examination by one pathologist (TVD) using the 

standardized protocol below.  

      After a minimum of 7 days of fixation in formalin, visible clots were removed from 

major vessels, non-cardiac tissue was trimmed away. The aorta and pulmonary artery were 

trimmed to their bases. The heart was weighed, and the weight recorded as total heart weight 

(TWH) in grams. If clots were found on opening the heart they were removed and weighed. The 

weight of the clots was subtracted from the THW. The atria were removed from the ventricles. 

The right ventricle (RV) was removed from the left ventricle and septum (LV+S) by cutting 

along the coronary grooves. The RV and then the LV+S were weighed separately in grams and 

these weights recorded. The following weight ratios were calculated: LV+S/ RV, THW/BW, 

LV+S/THW, RV/THW, LV+S/BW and RV+S/BW.  
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     Hearts were examined grossly for the presence of thickening and nodularity of all valves 

(endocardiosis), dilation and hypertrophy of the ventricles and dilation of the atria, and major 

vessels. Absence of a lesion was scored as 0 and presence as 1. Sections of the RV, anterior LV, 

posterior LV and septum of each heart were examined histologically for the presence of medial 

hyperplasia and perivascular fibrosis of the intramural coronary arteries and interstitial fibrosis.  

Absence of these lesions was scored as 0 and presence as 1. 

      After the data on gross and histologic lesions and heart weights were recorded, hearts 

were classified as “Lesion-free”, “No gross lesions”, or as having “Lesions”. Hearts categorized 

as “Lesion-free” were those without gross lesions and with a score of 0 for the histological 

lesions. Hearts categorized as “No gross lesions” were those with a score of 0 for gross lesion but 

scored a 1 for the histologic lesions of medial hyperplasia or perivascular fibrosis of the coronary 

arteries or interstitial fibrosis. Hearts in the “Lesions” category had at least one of the gross and 

histologic lesions listed above with a score of 1. 

      The statistical program Stata (Stata Statistical software, Version 14; Stata Corporation, 

College Station, Texas, USA) was used to calculate the mean and standard deviation of the heart 

weights, body weights and weight ratios of each category of heart. Due to abattoir protocols, the 

pig’s body weight (BW) corresponding to each heart collected from the processing line was not 

available. Heart weight to body weight ratios were calculated using the lowest and the highest 

body weights for each shipment from a specific farm identifier (tattoo) (data not included or 

shown). The average body weight of all pigs from the shipment with the specific farm identifier 
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that included that pig was used as a proxy for the body weight of the pig whose heart was 

selected. A one-way ANOVA with a Bonferroni test for multiple comparisons was used to 

determine if these measures were statistically different between groups. 

4.4 Results 

 To be paid the greatest price for their hogs, producers must be within a weight and back 

fat range specified by their abattoir. This results in low variation of within-load body weights. 

This is the reason the use of the lowest or highest body weight of pigs within one tattoo in one 

delivery resulted in the same trends and significant variables as when the average pig body 

weight of the respective shipment for a tattoo was used. Four hundred hearts were selected from 

the processing line and examined, however only 396 had a complete data set for heart weights 

and body weights and are discussed in this paper. Only 6% (24/396) of the hearts were free of 

both gross and histologic lesions (Lesion-free) and 19% (76/396) were free of gross lesions 

although histologic lesions were present (No gross lesions). Seventy-five percent (297/396) of 

the hearts from the processing line with a complete dataset were in the “Lesions” category. Table 

4.1 lists the mean and standard deviation of heart weights, body weights and weight ratios of the 

three categories of hearts together with the ANOVA comparison. There was a significant 

difference in LV+S/RV between all heart categories with the greatest value for “Lesion-free” 

hearts followed by “No gross lesions” and then “Lesions”.  Body weight was significantly 

greater in the category of “Lesions” over “No gross lesions”, and “Lesions as compared to 

“Lesion-free” (P<0.05). The ratios of THW/BW, LV+S/BW and RV/BW were all significantly 
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greater for the category of “Lesions” when compared to the “No gross lesions” category 

(P<0.05).  The ratios of RV/BW and THW/BW were significantly greater in the “Lesions” 

category compared to “Lesion-free” (P<0.05). There were no significant differences in heart 

weight ratios between the categories of “No Gross Lesions” and “Lesion-free” hearts.  

4.5 Discussion      

The hearts selected from the processing line had passed a visual inspection by plant 

inspectors for obvious defects or disease (e.g. fibrosing pericarditis) and prior to their 

examination the researchers assumed that all selected hearts would be free of cardiac lesions. 

The gross and histological lesions observed are associated with compensatory cardiac 

remodelling in pigs and humans (12, 13, 14). The lesions do not indicate a specific cause of the 

remodelling due to the limited intrinsic responses and shared molecular pathways involved in 

cardiac compensation (15, 16).  However, remodelling may be due to cardiac unfitness in the 

modern pig as a result of unintended, intense selection pressure for specific carcass and 

production traits (14). 

      The relative THW of a pig decreases with increasing BW as the pig ages (1, 11, 14). 

Calculating the ratio of THW to body weight adjusts for these changes and may indicate cardiac 

hypertrophy. However, THW/BW cannot differentiate between LV+S, RV or bi-ventricular 

hypertrophy (17). Use of LV+S/RV may provide further insight. Values under 2.8 are reported to 

indicate RV hypertrophy and values over 4 LV+S hypertrophy in mature animals (16). Normal 
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weight reference values for pig hearts could only be found for the measures of THW, THW/BW 

and LV+S/RV. 

      Average THW and THW/BW ratio for all categories of hearts in this study were higher 

than those reported for normal swine hearts in two other studies (6, 18).  However, both of these 

studies used pigs averaging less than 103kg BW, with an age range of 6-12 months and defined a 

“normal” heart based on the absence of hypertrophic cardiomyopathy (HCM) lesions (dilated 

LV, LV hypertrophy, cellular disorganization and medial hyperplasia of the intramural coronary 

arteries) (6, 18). The THW/BW ratios listed by Wiseman et al (2007) for pigs weighing 125kg 

are higher than those found in any heart category in this study.  However, no description of how 

the hearts were trimmed prior to weighing and no examination of the hearts to determine if 

lesions were present was stated.  It is possible that a large percentage of the hearts examined in 

that study had gross lesions of cardiac remodelling which increased the THW/BW ratio.  A 

normal THW/BW ratio reference value and range listed in a reference text is higher than the 

mean THW/BW ratio of any category of hearts in our study, but no ages, body weights or 

definition of normal were provided and only eight pigs were used to establish these values (16). 

The mean LV+S/RV values of the hearts examined in our study indicate RV hypertrophy in the 

“Lesions” and “Gross-lesions” categories and no hypertrophy in the “Lesion-free” category 

according to the definitions provided in this text (16).  

      The higher average body weight of pigs with gross and histologic cardiac lesions 

(Lesions category) over those without (No gross lesions and Lesion-free) implies an increased 
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risk of the occurrence of cardiac remodelling in heavier pigs. Heavier pigs could represent pigs 

with greater than average growth rates which affect skeletal and cardiac muscle.  Studies by 

Cliplef et al (1993) and Wiseman et al (2007) demonstrated that pigs selected for increased 

growth rate and increased lean gain per day had concurrent increases in heart weight, however no 

pathologic examination of the organ was completed (19,20).  Alternatively pigs with greater 

body weight could be of increased age and have had a longer time to compensate for cardiac 

insufficiency through the process of cardiac remodelling. Average daily gain and days to market 

were not recorded in our study. 

      The increased THW/BW and RV/BW ratios of the “Lesions” category of hearts 

compared to the same ratios in the “No gross lesions” and the “Lesion-free” categories of hearts 

are biologically plausible. The relationships between cardiac remodelling and the presence of 

increased heart size (13) and increased cardiac mass with hypertrophy are well-established (17). 

Heart weights more accurately reflect hypertrophy than wall thickness, particularly eccentric 

hypertrophy (16). However, it is recognized that THW/BW ratios are not a sensitive test of 

cardiac remodelling as small changes in ventricular weight may not be detected (17).  This is 

supported by the overlapping ranges of the THW/BW of the “Lesions” category with the other 

two categories.  

             The lack of significant differences in THW/BW, LV+S/BW or RV/BW ratios between 

the “Lesion-free” and “No Gross Lesions” categories may be because weight changes associated 

with the histologic lesions of interstitial fibrosis and medial hyperplasia and perivascular fibrosis 
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of the coronary arteries are likely to be negligible. No literature describing the effect of 

histologic lesions on cardiac weight was found. 

4.6 Conclusion 

      The majority (75%) of swine hearts collected from the processing line of one Ontario 

abattoir had gross and histologic lesions indicating the hearts had undergone cardiac 

remodelling. The remodelling process affected cardiac weights and weight ratios.  Increased 

post-mortem cardiac weights and heart weight to body weight are found in hearts with gross 

cardiac lesions. However further age and weight specific reference ranges would be required for 

accurate use of cardiac weights and ratios as a predictor of cardiac pathology in swine. The large 

percentage of hearts with cardiac remodelling from clinically healthy market pigs demonstrates 

an increased probability that subclinical cardiac pathology may exist in research pigs especially 

if accessed through commercial channels.  Researchers should be aware of this likelihood if 

subclinical cardiac pathology could adversely affect their experimental findings.  The cause and 

implications of these lesions in modern pig production should be further investigated. 
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4.8 Tables 

Table 4.1 Means and one-way ANOVA comparing the mean heart weights, body weights and weight ratios of 396 hearts from 

commercial market hogs. Hearts with gross and histologic cardiac lesions (Lesion N=297), histologic cardiac lesions, but no gross 

lesions (No Gross N=76) and those without gross or histologic lesions (Lesion-free N=23) were collected from the processing line of 

one Ontario swine abattoir. 

Variable Lesion 

(N=297) 

[SD] 

No Gross 

(N=76) 

[SD] 

Lesion-free 

(N=23) 

[SD] 

ANOVA SS 

 

DF MS F P value 

Total heart weight 

(THW) [g] 

411.75a 

[49.42] 

378.36b 

[38.06] 

370.41b 

       [45.83] 

Between 

within 

89105.02 

879922.2 

2 

394 

44552.50 

2233.30 

19.95 0.0001 
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Left ventricle 

+septum (LV+S) [g] 

254.61a 

[29.61] 

240.29b 

[23.42] 

243.06ab 

[28.12] 

Between 

within 

13069.09 

318877.27 

2 

394 

6534.54 

   809.33 

8.07 0.0004 

Right ventricle (RV)  

[g] 

 95.12a 

    [14] 

85.49b 

    [11.16] 

 79.57b 

[11.29] 

Between 

within 

9564.39 

70277.31 

2 

394 

 4782.20 

   178.36 

26.81 0.0001 

Body Weight 

(BW)[kg] 

124.82a 

  [5.53] 

   122.61b 

[5.60] 

119.98b 

  [5.11] 

Between 

within 

748.00 

11981.50 

2 

394 

   374.00 

     30.41 

12.30 0.0001 

LV+S/RV    2.71a 

[0.34] 

 2.83b 

[0.29]  

   3.10c 

  [0.49]    

Between 

within 

4.43 

46.63 

2 

394 

    2.21 

    .12 

18.70 0.0001 
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THW/BW [g/kg]   3.30a 

[0.38] 

 3.09b 

  [.31]  

   3.09b 

 [0.35]     

Between 

within 

3.14 

53.81 

2 

394 

  1.57 

   .14 

11.49 0.0001     

LV+S/THW     .62a 

[0.04] 

   .64b 

  [.03] 

   .66c 

 [.04]       

Between 

within 

.05 

.54 

2 

394 

 0.02 

 0.01 

17.25  0.0001  

RV/THW     .23a 

[0.02] 

    .23ab 

[0.02] 

  .21b 

[0.03]       

Between 

within 

0.01 

0.21 

2 

394 

 0.00 

 0.00 

6.76  0.0013   

LV+S/BW [g/kg]   2.04a 

[0.23] 

1.96b 

[0.21]  

  2.03ab 

[0.21]      

Between 

within 

0.38 

20.64 

2 

394 

 0.19 

 0.05 

3.66  0.0266 
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RV/BW [g/kg]    .76a 

[0.11] 

0.70b  

[0.09] 

0.67b  

       [0.09]      

Between 

within 

0.41 

4.48 

2 

394 

 0.20 

 0.01 

17.88  0.0001     

*Means sharing the same superscript are not significantly different from each other (P<0.05). 
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CHAPTER FIVE 

A genome-wide analysis of the cardiac lesions of pigs that die during 

transport: Is heart failure of in-transit loss pigs associated with a 

heritable cardiomyopathy? 

5.1 Abstract 

 A primary cause of death for many in-transit loss (ITL) pigs is heart failure.  However, an 

underlying cause of the gross lesions and resulting heart failure in pigs is not known.  

Cardiomyopathies are considered a common cause of heart failure in humans and often have a 

genetic component.  The goal of this study was to determine if genes associated with 

cardiomyopathies in people and animals could be identified in pigs that died during transport to 

an Ontario abattoir. 

 Samples from the hearts of pigs that died during transport or on arrival to one abattoir in 

Ontario, Canada between May 2012 and July 2014 (ITL hearts; N=149) were collected and 

genotyped. Hearts from pigs that did not die during transport (non-ITL/control hearts; N=387) 

were also genotyped.  The non-ITL/control hearts, were a convenience sample collected from the 

processing line during the same time-period.  A total of 536 animals were genotyped. Genome 

wide analyses were performed on each of the determined phenotypes by genotyping with a 
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medium density single nucleotide polymorphism chip and using 500kb windows/regions for 

analysis with 250Kb regions of overlapping among the windows.  Specifically, an average 

fixation index (mFst) approach was performed, comparing the average differences of allele 

frequencies between affected and non-affected phenotypic groups in the 500Kb regions. 

The distribution derived by a multidimensional scaling (MDS) analysis of all phenotypes 

demonstrated a lack of complete separation between phenotypes of affected and unaffected 

animals.  Although the Fst values were low, genes associated with dilated cardiomyopathy 

(DCM) and arrhythmogenic right ventricular cardiomyopathy (ARVM) were identified.  In 

addition, multiple genes associated with cardiac arrhythmias and ventricular hypertrophy were 

identified which can both result in heart failure.  The results of this preliminary study indicate 

that it is unlikely that heritable cardiomyopathies are the single cause of heart failure in ITL pigs.  

It is likely that the cause of heart failure in ITL pigs is multi-factorial as it is in many human 

cases.  Further research will be required to predict or eliminate heart failure in pigs. 

5.2 Introduction 

 In-transit losses (ITL) of market-weight pigs are an economic and welfare concern for 

swine producers and industry.  They are defined as pigs that die during transport from the farm to 

the abattoir (Ellis and Ritter, 2005).  Previous work has established that a major cause of death 

for ITL pigs is heart failure, as indicated by the lesions observed during post-mortem 

examination of the heart and carcass (Bergmann, 1988; Clark, 1979; Zurbrigg et al., 2017).  
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These lesions include dilation of the right and left ventricle chambers and hypertrophy of the 

ventricular walls, atrial dilation and dilation of the pulmonary artery and aorta.  However, an 

underlying cause of the gross lesions and resulting heart failure in pigs is not known.   

Cardiomyopathies are defined as diseases of the myocardium that result in arrhythmias, 

heart failure or sudden death (Towbin, 2015).  They are considered a common underlying cause 

of heart failure in humans and often have a significant heritable component (Lopez-Pier et al., 

2017).   The gross lesions of dilation of the atria and dilation and hypertrophy of the ventricles 

are hallmark observations of arrhythmogenic (ACM), dilated (DCM) and hypertrophic (HCM) 

cardiomyopathies, though the progression of a cardiomyopathy is dependent on environmental 

triggers and genetic susceptibility (Lopez-Pier et al., 2017). Lesions associated with HCM and 

DCM have been observed in pigs, though cardiomyopathies are not recognized currently as an 

important cause of death in swine. (Collins et al., 2015; Huang et al., 1996; Liu et al., 1994) 

Genome-wide analyses can investigate the association between common polymorphisms 

(genetic variants) and a disease status or quantitative trait within a population (Tayal et al., 

2017).  They have been successfully used to identify genes associated with many cardiac 

diseases and conditions that can lead to heart failure such as atrial fibrillation, left ventricular 

hypertrophy and dilated, hypertrophic and arrhythmogenic cardiomyopathies (Low et al., 2017; 

Maron and Maron, 2013; Mayosi et al., 2017; Sano et al., 2016; Tayal et al., 2017).   
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Determining the cause of heart failure in pigs and having the ability to predict which pigs 

are at risk would allow industry to develop prevention and control strategies encompassing 

selective breeding, new management techniques and further pursuit of low stress methods of 

handling and transportation of swine.  The purpose of this study was to compare the analyses of 

6 categorical phenotypes used to describe market pigs that die during transportation, each 

compared with a normal phenotype, to investigate if genes associated with heritable 

cardiomyopathies or their clinical characteristics in humans or animals could be identified. 

5.3 Materials and methods 

5.3.1 Study population 

 The hearts of pigs that died during transport or on arrival to one abattoir in Ontario, 

Canada between May 1, 2012 and July 1, 2014 (ITL hearts=149) were collected and examined 

for cardiac pathologies associated with sudden death.  Hearts from pigs that did not die during 

transport, non-ITL/control hearts (N=387), were a convenience sample collected from the 

processing line during the same time-period.  At the time of collection, the abattoir was 

slaughtering approximately 15,000 pigs per week.  Pigs were approximately 6 months of age, 

120 kg, cross-breds (Landrace, Yorkshire and Duroc) and came from many independent, 

commercial farms (N=154).  Pedigrees and genetic lines were not known.  
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 Hearts were collected from a federally-inspected abattoir that complies with the pertinent 

regulations for animal welfare and food safety as written and enforced by the Canadian Food 

Inspection Agency.  Consent to collect the organs was given by the abattoir. 

A total of 6 phenotypes were investigated, comparing the hearts of pigs that died in-

transit to controls as well as using the presence of several cardiac pathologies to determine 

phenotype.  In Table 5.1 each affected phenotype is described. 

5.3.2 Sample preparation 

 A 0.5 cm2 section of the left ventricle was removed and frozen prior to the intact heart 

being preserved in 10% formalin.  Hearts were preserved for at least 7 days prior to examination.  

Heart examinations were performed by a pathologist at the Animal Health Laboratory, 

University of Guelph.  ITL and non-ITL hearts were sectioned, examined, weighed and 

photographed using a standardized protocol (Zurbrigg et al., 2017).  Hearts were scored for gross 

cardiac lesions as:  0 (absent), 1(mild), 2(moderate) or 3(severe). Tissue samples were sent to 

GeneSeek Inc., Lincoln, Nebraska, for DNA extraction and purification. 

 A total of 536 animals were genotyped: 38 ITL and 34 non-ITL samples were genotyped 

using the Illumina PorcineSNP60 Bead Chip (http://www.illumina.com), while 111 ITL and 353 

non-ITL samples were genotyped with the GeneSeek Genomic Profiler 80K SNP chip 

(Geneseek–Neogen).  Genotype data from the two single nucleotide polymorphisms (SNP) chips 

were merged and the 42,277 overlapping SNPs between the 60K and 80K chip were considered.  
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5.3.3 Quality control of data 

Not all SNP data were considered.  SNPs with a call rate of <90%, with a minor allele 

frequency (MAF) < 2%, variants not mapped to the Sus Scrofa assembly v11 and animals with 

more than 10% of their genotypes missing were excluded from subsequent analyses using Plink 

v1.07 (Purcell et al., 2007).  Filtered dataset was imputed using the Beagle v3.3.2 software 

(Browning and Browning, 2007)  

5.3.4 Analyses 

The analyses were performed without considering pedigree as they were unknown. 

Population analyses were completed using multidimensional scaling (MDS) with the Plink 1.07 

software (Purcell et al., 2007). Genome wide association studies were performed on each of the 

detected phenotypes using 500Kb windows analyses with 250Kb of overlapping among the 

windows.  Specifically, a fixation index (Fst) approach was performed.  Fixation index is a 

measure of population differentiation based on genetic structure.  The approach involved 

comparing the differences of allele frequencies between affected and non-affected phenotype 

groups, according to the following formula: 

Fstk= Nk/Dk 

where k is the SNP marker k, with frequency p1
[k], p2

[k] 

Nk = p1
[k] (q2

[k] − q1
[k]) + p2

[k] (q1
[k]− q2

[k])  
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Dk = p1
[k] q2

[k] + q1
[k] p2

[k] = Nk + p1
[k] q1

[k] + p2
[k] q2

[k] 

For each window, the mean Fst (mFst) was calculated across the SNPs included in the window 

and only windows with a minimum of 4 SNPS were considered.  The raw value ranged from 0 

(no differences) to 1 (completely different). The top 5 widows of the empirical distribution were 

the most divergent and therefore considered as regions of interest (ROI), and all the genes within 

the ROI were investigated for established associations with cardiac remodelling, heart failure, 

cardiac defects and cardiomyopathies in peer-reviewed literature.   

5.4 Results 

After phenotypic and genotypic quality controls were applied, the number of affected and 

unaffected pigs for each phenotype is found in Table 5.2.  The level of genetic relatedness using 

SNP genotyping data did not show obvious subgroup structure within each phenotype. The 

distribution derived by a multidimensional scaling (MDS) analysis of any of the phenotypes 

demonstrated a lack of complete clusterization (separation) between the phenotype affected and 

unaffected animals.  The MDS plots for each phenotype can be found in Figure 5.1.  mFst values 

for all phenotypes were low.  The Manhattan plots for each phenotype are found in Figure 5.2. 

In Table 5.3 the location and genes with the ROIs and their classification regarding 

cardiac physiology and function are shown. Each gene has a specific function, however for this 

table functions were generally grouped into: cardiac remodeling/tissue repair, heart 

defect/cardiomyopathy, calcium handling/arrhythmia, and cellular energy sensor. Genes within 
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the ROIs without a known function or without a known association with cardiac physiology and 

function can be found in Appendix III. 

5.5 Discussion 

 In this preliminary study, the poor separation of any of the affected and unaffected 

phenotypes into genotype clusters and low mFst values between affected and unaffected animals 

suggests that the deaths were not likely heritable and may have had multifactorial causes.  Pigs 

involved in this study were raised on a large number (N=154) of independent farms with variable 

management, health status and different genetic lines.  Sire and dam data were not available as 

commercial cross-bred market pigs are generally not uniquely identified at birth and terminal 

semen is frequently pooled (containing more than 1 sire).  The variability of these factors may 

mask or explain underlying genetic associations with the phenotypes. 

 Poor separation may have also occurred due to the cardiac lesions (and the severity of 

those lesions) observed at post-mortem not accurately representing a specific heart function in 

swine.  A visually mild cardiac lesion can be fatal if it occurs in a sensitive area such as in or 

near a conduction node (Miller et al., 2011). Measures of heart function (not collected in this 

study) may have indicated a distinct etiology and genotype within the similar heart failure 

phenotypes and allowed for improved Fst values. This concept is supported by Charron et al. 

(2015), who found a gradient of gene expression between left and right ventricles in pigs when 
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examining genes associated with heart failure, with the dysfunctioning right ventricle having 

stronger differential expression of genes over the left when compared to control hearts.  

The many initiating causes of heart failure and the variable compensatory cellular 

responses which are further affected by environmental factors, adds to the challenge of 

identifying inherent molecular risk factors (Kooiji et al., 2014). This is a possible further 

explanation for the low Fst values of ROIs and poor separation of the phenotypes.  In short, 

cardiac disease and failure represents a final common phenotype in response to a multitude of 

genetic and/or environmental insults making it difficult to determine a specific trigger. 

 The cause of myocardial dysfunction can be genetic, environmental, combinations of the 

two, or unknown (Robinson and Robinson, 2007).  A weakened heart muscle can lead to 

arrhythmias and heart failure (Lilley, 2011).  Two genes (CDH2 and RAB1A) which are 

associated with arrhythmogenic right ventricular cardiomyopathy (ARVC) and dilated 

cardiomyopathy (DCM) respectively, were located within the ROI of the RVD 0 vs 2-3 and ITL 

phenotypes (Mayosi et al., 2017; Yang et al., 2016).  MCEE and FAN1 are two genes associated 

with congenital heart defects (Boisvert et al., 2014; Yang et al., 2013) that were located within 

the ROI of the ITLX phenotype.  Similar to cardiomyopathies, congenital heart defects are 

associated with increased risk of developing arrhythmia and heart failure (Stout et al., 2016).  

ITL pigs may be at risk of death during transport due to decreased heart function because of a 

cardiomyopathy or heart defect. 



 

 

140 

 

 Cardiac arrhythmias are a risk factor for heart failure and sudden death in people (Chugh 

et al., 2014) and are associated with dilated and arrhythmogenic cardiomyopathies (Hershberger 

and Morales, 2015; McNally et al., 2017). Acquired and inherited deficits in calcium handling 

proteins can contribute to arrhythmias by disruption of the normal excitation contraction process 

(Landstrom et al., 2017). Two genes (CDKR5R2, PLCD4) previously associated with the 

regulation of calcium channels in humans and pigs were located within ROI of the aortic dilation 

phenotype (Charron et al., 2015; Song et al., 2017). The PKND gene was also within the ROI of 

the aortic dilation phenotype and has been associated with stress induced arrhythmias (Shen et 

al., 2015). Case reports associating aortic dilation with arrhythmias have been published (Villa et 

al., 2016).  Genes (SLC1A4, FAM13B and WNT8A) associated with atrial fibrillation, a 

common arrhythmia, were located within the ROI of the RVD0 vs 2-3 and ITL phenotypes 

(Christopherson et al., 2017; Hsu et al., 2016; Low et al., 2017).  It is plausible that ITL pigs are 

at risk of heart failure and sudden death during transport due to the presence of a cardiac 

arrhythmia. 

 Cardiac hypertrophy is a result of the heart’s compensatory process to decrease wall 

stress and increase contractile function in the face of increased workload (Cohn et al., 2000).  

Cardiac hypertrophy is also a defining feature of hypertrophic cardiomyopathy (Cirino and Ho, 

2014).  Over time, heart function may worsen and lead to sudden death due to arrhythmia, 

ventricular dilation and heart failure (Cannon, 2015).  At the cellular level, cardiac hypertrophy 

is characterized by the re-emergence of genes expressed during cardiogenesis, upregulation of 
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myofibre proteins involved in contraction, changes in signalling pathways and transcription, 

increased myocyte apoptosis, enhanced capillary growth/angiogenesis and altered myocardial 

metabolism (Cannon, 2015).  Most genes within the ROI that were involved in cardiac structure 

and function have been associated with the remodelling process of compensatory or 

decompensatory hypertrophy.  These genes include: KLF13, WNT6, WNT8A, SPRED2, 

CCN1/CRY61, BCL10, BSC1L (involved with cardiogenesis, transcription and signalling); 

MFSD8; KDM3B, AAMP, ARCP2, CTDSP1, WNT10 (involved with angiogenesis); CATIP, 

TMEM260, EXOC5 (contractile proteins); DDAH1, OTUD7A, TMBIM1 (involved with 

apoptosis); PRKAG3, TRIPBR2, (involved with energy metabolism) were found across all six 

phenotypes (Bonda et al., 2015; Bontems et al., 2014; Ghebremariam et al., 2010; Gouleh et al., 

2013; Han et al., 2015; Icli et al., 2014; Marin-Buera et al., 2015; Morissen et al., 2010; Paik et 

al., 2015; Palevski et al., 2017; Quiang et al., 2016; Scheffler et al., 2015; Schmekpepper et al., 

2015; Shirwanny et al., 2010; Toischer et al., 2010; Tropeano et al., 2014; Ullrich et al., 2011).  

It is plausible that ITL pigs are at risk of heart failure and sudden death during transport due to 

the presence of cardiac hypertrophy. 

 Samples used in this study were collected for the primary purpose of documenting the 

cause of death in ITL pigs and comparing cardiac morphology between ITL and non-ITL 

commercial, cross-bred pigs.  Therefore, the major limitation of this study is that the small 

sample size may have a large amount of genetic differences and environmental variability that is 

unaccounted for in the analyses of this population.  Performing analyses on a larger group of pig 
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hearts or purposeful sampling to consider and examine other variables (genetic lines, farm 

management, etc.) may increase the strength of these analyses and confirm the reliability of these 

results.   

 The goal of our analyses was to identify possible genetic risk factors to make predictions 

about which animals are at risk and to identify the biological underpinnings of disease 

susceptibility to develop new prevention and treatment strategies (Bush et al., 2012).  In the case 

of ITL pigs or pigs with affected hearts, the goal would be to predict which lines of pigs or 

individuals are at risk of sudden death and develop a prevention and control strategy 

encompassing selective breeding, new management strategies and further pursuit of low stress 

methods of handling and transportation of swine.   

5.6 Conclusions 

This study compared the genotypes of phenotypes used to describe market pigs that die 

during transportation to identify potential associations with heritable cardiomyopathies and their 

hallmark characteristics.  The Fst values were low indicating that a significant genetic 

relationship to ITL was not uncovered in this preliminary study.  However genomic regions and 

genes associated with cardiomyopathies, arrhythmias and ventricular hypertrophy were 

identified, and all these anomalies can result in heart failure.  It is unlikely that a single heritable 

cardiomyopathy is the cause of all heart failure in ITL pigs.  It is plausible that cause of heart 

failure in ITL pigs is multi-factorial, including in some cases, a genetic component as it is in 
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humans.  Further research will be required to identify specific genetic risk factors for 

cardiomyopathies in swine.  Identifying and eliminating genetic and environmental risk factors 

for porcine cardiomyopathies will potentially lead to a substantial reduction in the prevalence of 

heart failure in pigs. 
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5.8 Tables 

Table 5.1  Criteria used to categorize each phenotype investigated as affected 

Affected Phenotype Description 

ITL-In-transit loss The pig died during transport or on arrival to the abattoir 

ITLX-In-transit 

loss extreme 

The pig died during transport and had at least one of the gross lesions 

of atrial dilation, right ventricle dilation or dilation of the aorta and 

pulmonary artery 

RVD The pig had mild, moderate or severe dilation of the chamber of the 

right ventricle, (score 1,2 or 3) 

RVD0 vs2-3 The pig had moderate to severe dilation of the chamber of the right 

ventricle, (score 2 or 3). 

AtrialD The pig had dilation of the chamber of one or both atria. 

AorticD The pig had dilation of the aorta or pulmonary artery. 
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Table 5.2  The number of pigs in each phenotype in the analyses after phenotypic and genotypic 

quality control 

Phenotype Number affected Number unaffected 

ITL-In-transit loss 128 378 

ITLX-In-transit loss extreme 83 351 

RVD 150 356 

RVD0 vs2-3 99 351 

AtrialD 95 412 

AorticD 100 405 
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Table 5.3 Genes with known association with cardiac physiology or function within regions of 

interest for all phenotypes. 

Phenotype Chromosome ROI start ROI end # of 

SNPS 

mFst value Gene Category of 

cardiac physiology 

or function 

all 1 186000000 186500000 4 0.0410738 - 

0.0864825 

EXOC5 Remodelling/tissue 

repair 

ITLX 1 143500000 144000000 10 0.059387 FAN1 Defect/cardio-

myopathy 

ITLX 1 143500000 144000000 10 0.059387 MCEE Defect/cardio-

myopathy 

ITL, ITLX 1 143250000 143750000 6 0.0370007 - 

0.0674252 

KLF13 Remodelling/tissue 

repair 

ITL, ITLX 1 143250000 143750000 6 0.0370007-

0.0674252 

OTUD7

A 

Remodelling/tissue 

repair 
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RVD, ITL, 

AtrialD, 

RVD 0vs2-

3 

1 185750000 186250000 6 0.0416846 - 

0.0550891 

TMEM2

60 

Remodelling/tissue 

repair 

RVD 0vs2-

3 

2 140000000 140500000 7 0.0534128 FAM13

B 

Ca2+ 

handling/arrhythmia 

RVD 0vs2-

3 

2 140000000 140500000 7 0.0534128 WNT8A Remodelling/tissue 

repair 

RVD 0vs2-

3 

2 140000000 140500000 7 0.0534128 KDM3B Remodelling/tissue 

repair 

ITL 3 76500000 77000000 6 0.0425293 SPRED

2 

Remodelling/tissue 

repair 

ITL 3 76500000 77000000 6 0.0425293 RAB1A Defect/cardio-

myopathy 

ITL 3 76500000 77000000 6 0.0425293 SLC1A

4 

Ca2+ 

handling/arrhythmia 
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RVD, ITL, 

ITLX 

3 77000000 77500000 8 0.0356151 -

0.0568996 

SERTA

D2/TRI

PBR2 

Remodelling/tissue 

repair 

AtrialD 4 130250000 130750000 12 0.040984 BCL10 Remodelling/tissue 

repair 

AtrialD 4 130250000 130750000 12 0.040984 CYR61/ 

CCN1 

Remodelling/tissue 

repair 

AtrialD 4 130250000 130750000 12 0.040984 DDAH1 Remodelling/tissue 

repair 

RVD 0vs2-

3 

6 112500000 113000000 5 0.0535004 CDH2 Defect/cardio-

myopathy 

RVD, 

ITLX 

8 96500000 97000000 10 0.0346646 -

0.0580017 

MFSD8 Remodelling/tissue 

repair 

AorticD 15 120750000 121250000 11 0.0326266 WNT10

A 

Remodelling/tissue 

repair 

AorticD 15 120750000 121250000 11 0.0326266 WNT6 Remodelling/tissue 

repair 
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AorticD 15 120250000 120750000 10 0.0308432 AAMP Remodelling/tissue 

repair 

AorticD 15 120250000 120750000 10 0.0308432 ARPC2 Remodelling/tissue 

repair 

AorticD 15 120250000 120750000 10 0.0308432 BCS1L Remodelling/tissue 

repair 

AorticD 15 120750000 121250000 11 0.0326266 CFAP65 Remodelling/tissue 

repair 

AorticD 15 120250000 120750000 10 0.0308432 CTDSP

1 

Remodelling/tissue 

repair 

AorticD 15 120750000 121250000 11 0.0326266 PRKAG

3 

Cellular energy 

sensor 

AorticD 15 120250000 120750000 10 0.0308432 CATIP Remodelling/tissue 

repair 

AorticD 15 120250000 120750000 10 0.0308432 PNKD Ca2+ 

handling/arrhythmia 
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AorticD 15 120250000 120750000 10 0.0308432 TMBIM

1 

Remodelling/tissue 

repair 

AorticD 15 120750000 121250000 11 0.0326266 CDK5R

2 

Ca2+ 

handling/arrhythmia 

AorticD 15 120250000 120750000 10 0.0308432 PLCD4 Ca2+ 

handling/arrhythmia 
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Figure 5.1 Multidimensional scaling plots for each phenotype investigated (1 (blue)=affected, 2 (red)=unaffected). 
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Figure 5.2 Averaged window Fst (mFst) for each phenotype investigated. For each phenotype, the top 5 windows are above the red 

line. 
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CHAPTER SIX 

An investigation of differences in swine cardiac and loading 

management risk factors between 30 Ontario farms with low, 

moderate and high rates of annual transport losses. 

6.1 Abstract 

 The stressors experienced by the animal during sorting, loading and transportation 

of livestock are complex and likely cumulative.  The objectives of this study were to investigate 

whether cardiac weights, cardiac weight ratios, pathological cardiac lesions and farm pre-

transport management risk factors differed between farms with low (0-0.03%), moderate (0.04-

0.1%) and high (0.11-0.28%) rates of annual in-transit losses (ITL).  A survey was completed on 

30 farms regarding on farm risk factors for in-transit losses and 10 pig hearts from each farm 

were collected from the processing line and examined for cardiac health risk factors. For farms 

where pigs were unloaded and reloaded at another stop during transport from farm to abattoir, 

the odds of being in the combined high and moderate ITL categories versus the low ITL category 

were 7.08 times higher (P=0.03) than for those that went straight from the farm to the abattoir.  

For farms with a median THW/BW ratio greater than 3.2, the odds of being in the combined 

high and middle ITL categories versus low ITL category were 11.66 times higher than for farms 

with median THWBW ratios of 3.2 or less (P=0.004).  Left or right ventricular hypertrophy or 
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both will increase the THW/BW ratio. This may result in pigs that are unable to respond to the 

increased physical exertion and cardiac workload required during sorting, loading and transport 

and ultimately increased mortalities during transport. Similarly, it is possible that farms where 

pigs are unloaded and reloaded during transport to the abattoir have higher rates of in-transit 

losses due to the greater stress and physical effort and higher heart rates they experience over 

pigs transported directly from farm to abattoir.  

6.2  Introduction 

The stressors experienced by the animal during sorting, loading and transportation of 

livestock are complex and cumulative. The effects of one stressor may enhance or exacerbate 

another (Mitchell and Kettlewell, 2008) making it challenging to predict which factor or factors, 

if removed, would have the greatest preventative effect on the loss of pigs during transport.  

However, the expected result of removing any stressor from the process would be to alleviate the 

risk of transport losses to some degree (Johnson et al., 2013).  Haley et al. (2008) estimated that at 

least 25% of the unexplained variation in swine transport losses was at the farm level.  Farm level 

risk factors that may affect the physical exertion experienced by the pigs prior to shipping and 

potentially the losses of pigs during transport include: facility design, management practices, the 

pig-handler’s interaction with the pigs, and a pig’s health (Johnson et al., 2013). 

Aspects of facility design such as use of an auto sorter (Brumstead, 2004; Rademacher 

and Davies, 2005) and distance travelled from the home pen to the loading ramp (Ritter et al., 



 

 

168 

 

2007) have been investigated for their impact on pig transport losses.  Similarly, management 

practices such as withholding feed prior to shipping (Averos et al., 2008; Stewart et al., 2008) 

and pig-handler practices including loading times (as an indication of rapid handling) (Averos et 

al., 2008) and/or the use of electric prods (Averos et al., 2008; Correa et al., 2008) have been 

investigated for their effects on transport losses.  While results for these studies are variable, the 

commonality among these risk factors is that they have an impact on the heart rate, amount of 

fighting, level of stress and physical exertion experienced by the pigs prior to shipping.  It is 

likely that increased physical exertion prior to transport creates a fatigued hog that is less able to 

deal with further transport challenges during the journey or unloading.  This may result in 

increased rates of in-transit loss on farms with facility, management or pig-handler interaction 

attributes that result in increased physical exertion for the pigs during the pre-shipping routine. 

Health conditions existing prior to transport, in particular cardiac pathology, could 

predispose market hogs more susceptible to death or to becoming non-ambulatory during 

transport.  Cardiac lesions have been identified in pigs that died during transport (Clark, 1979; 

Bergmann et al., 1988; Zurbrigg et al., 2017).  Post-mortem examination of 85 market pigs that 

died during transportation to one Ontario abattoir found 73% (62/85) of the pigs with pulmonary 

congestion and edema; and 100% (85/85) with cardiac lesions (pericarditis, endocarditis, dilation 

and/or hypertrophy of ventricles, dilation of aorta and pulmonary artery, and dilation of atria 

(Zurbrigg et al., 2017).  The hypertrophy and dilation observed in the in-transit-loss pigs 

represent remodeling of the heart and vessel walls to compensate for compromised cardiac 
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output.  The cardiac lesions observed in in-transit-loss pigs together with the frequency of 

pulmonary congestion and edema and a lack of other significant findings suggest that the 

primary cause of death was heart failure.  It is likely that pigs with ventricular dilation and/or 

hypertrophy would be less tolerant of the physical exertions experienced during sorting, loading 

and transport and would be more likely to succumb to cardiac failure (Zurbrigg et al., 2017).  

Many cardiac conditions are exacerbated by heat and physical exertion and this interaction may 

further explain the variable nature of in-transit losses of pigs.   

Within the same season, farms in Ontario have variable rates of in-transit losses.  To the 

author’s knowledge, it is not known if farms with low, moderate or high rates of transport losses 

share common facility, management, handling and pig cardiac health characteristics.  The 

objectives of this study were to investigate whether cardiac weights, cardiac weight ratios, 

pathological cardiac lesions and farm pre-transport management factors were associated with 

farms with low, moderate and high rates of annual in-transit losses. 

6.3 Materials and methods 

6.3.1 Farm selection and data recorded 

Data on potential farm risk factors for in-transit losses were collected from thirty farms 

which shipped to one abattoir in Ontario, Canada.  At the time of collection, the abattoir 

slaughtered 15,000 pigs per week between the ages of 5-7 months.  Data were collected between 

June 2014 and April 2015. Farms were selected from a list of producers (identified to the 
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researcher only by their producer number to maintain confidentiality) shipping greater than 1,000 

pigs to the abattoir in 2013 (the most recent full year of data at the time).  The list included the 

number of pigs shipped in 2013 and the number of pigs that died during transport.  The annual 

rate of in-transit loss was calculated (number of pigs that were dead or non-ambulatory and had 

to be euthanized in 2013 / number of pigs shipped in 2013) and producer numbers were 

categorized into low (0-0.03%), moderate (0.04-0.1%) and high (0.11-0.28%) rates of in-transit 

losses.  The range for each category of loss was selected based on the abattoir’s mean rate of 

annual in-transit loss (0.07%) as well as published values of in-transit losses in Canada (0.07-

0.08%) and the USA (0.19-0.22%) (Ritter et al., 2009; Sutherland et al., 2009; Doonen et al., 

2014; unpublished observations Zurbrigg, 2011).  

Sample size was calculated based on the number of hearts to be sampled to determine 

prevalence of cardiac lesions (Appendix IV).  Ten farms were used for each category of in-transit 

loss. Eleven farms were initially selected in the event of a participant withdrawal from the study.  

Eleven unique producer numbers were selected randomly from the list in each category by 

starting mid-way in the list and then selecting every 6th ID until 11 were obtained. The abattoir 

contacted the selected owners to determine if they would participate in the study. If an owner did 

not want to participate, the abattoir contacted the next owner from the list of tattoos shipping to 

the abattoir. This process was repeated until 33 owners agreed to participate (11 from each 

category). 
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The selected producers each signed a consent form to allow a visit to the farm by the 

researcher to observe loading, to complete a questionnaire on loading practices and management 

on the farm and for the collection and examination of hearts from the processing line.  The 

questionnaires completed by the producer and by the researcher during the farm visit are 

presented as Appendices V and IV.  Producer questionnaires were emailed to the producer in 

advance of the visit date, however the researcher confirmed these data with the producer while 

on the farm.  The researcher questionnaire was completed on the farm during and after loading or 

by phone or email if a visit did not occur.  Farm visits occurred on a shipping day selected by the 

producer.  Risk factor data collected from the questionnaires are further referred to as the farm 

management risk factors. 

6.3.2 Heart selection, collection and examination 

Hearts from each participating farm were collected from the processing line on the day of 

the farm visit.  Fifteen hearts were selected from the processing line on each of 29 different days 

over the study period.  Hearts were collected from the processing line by selecting every nth 

heart, where n=the total number of pigs shipped from that tattoo that day/15.  Hearts were 

removed from the processing line and placed in re-sealable freezer bags, placed in a cooler with 

ice packs and transported to the Animal Health Laboratory (AHL), University of Guelph. At the 

AHL, the hearts were placed intact into 10% formalin (within 2 hours of collection) for future 

examination by one pathologist (TVD) using the standardized protocol below.  
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Due to abattoir protocols, the body weight (BW) of each pig corresponding to each 

specific heart collected from the processing line was not available. However, a BW was available 

for each pig shipped in the load from the producer. The mean body weight of all pigs from the 

shipment with the specific farm identifier (tattoo) was used as the best estimate for the body 

weight of the pig whose heart was selected. 

6.3.3 Heart examination protocol 

Hearts were excluded if they had been cut into by processing line staff or had become 

misshapen during the fixation process.  10 of the 15 hearts collected were randomly selected for 

examination from those considered suitable.  After a minimum of 7 days of fixation in formalin, 

visible clots were removed from major vessels, non-cardiac tissue was trimmed, and the aorta 

and pulmonary artery were trimmed to their bases. The heart was weighed, and the weight 

recorded as total heart weight (THW) in grams. If clots were found upon opening the heart they 

were removed and weighed. The weight of the clots was subtracted from the THW. The atria 

were removed from the ventricles. The right ventricle (RV) was removed from the left ventricle 

and septum (LV+S) by cutting along the coronary grooves. The RV and then the LV+S were 

weighed separately in grams and these weights recorded. The following weight ratios were 

calculated: LV+S/ RV, THW/BW, LV+S/THW, RV/THW, LV+S/BW and RV/BW.  

      Hearts were examined grossly for the presence of thickening and nodularity of all valves 

(defined as endocardiosis in this chapter), and for dilation and hypertrophy of the ventricles and 
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major vessels. Absence of a lesion was scored as 0 and presence as 1. Sections of the aorta of 

each heart were examined histologically for the presence of subintimal fibrosis.  Absence of 

these lesions was scored as 0 and presence as 1.  Cardiac lesions together with cardiac weights, 

body weight and cardiac weight ratios were recorded for each heart (heart ID) from each farm 

(tattoo) in a separate dataset entitled cardiac risk factors.    

      The statistical program Stata (Stata Statistical software, Version 14; Stata Corporation, 

College Station, Texas, USA) was used to complete all analyses.  The cardiac risk factor dataset 

(data from heart exam for 10 hearts per each farm) was initially investigated separately from the 

farm-level risk factor dataset.  Definitions of the cardiac risk factors tested are presented as 

Appendix VII.  Summary statistics (mean, standard deviation (SD), minimum, maximum and 

median for continuous variables and percent affected for lesions) on the cardiac risk factors were 

completed both by farm ID and by in-transit loss category (low, moderate or high).  To examine 

if the cardiac risk factors that were continuous (cardiac weights, body weight and cardiac weight 

ratios) had a relationship with low, moderate or high in-transit losses, a 2-level, mixed effects 

ordinal logistic regression analyses were completed.  Farm was inputted into the model as the 

random effect and each cardiac risk factor was tested separately as a single fixed effect.  Cardiac 

risk factors with a liberal P-value<0.2 were added to the farm management risk factor dataset.  

Cardiac weights and ratios were added as the median value per farm for the 10 hearts to account 

for the variance of values within a farm.   
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Mixed effects ordinal logistic regression was performed on the farm-level risk factor 

dataset using the ordinal outcome of low, moderate or high annual rates of in-transit losses for 

each farm (LMH ITL) and farm included as the random effect.  The definitions of the farm-level 

risk factors tested are presented as Appendix VIII.  A composite variable entitled “Holding 

Score” was created from the data to represent the variables holding time, tattoo time and hours 

off feed.  The holding score for a farm can range between 0-6 with higher values representing 

less exertion for pigs at least 24 hours prior to transport. The holding score was created by 

adding the values for holding time (0=0 h in holding, pigs pulled directly from home pens, 

1=less than 6 h in the holding pen or 2=greater than 24 h in a holding pen) and tattoo time 

(0=pigs tattooed as they are going on truck,1=pigs tattooed 1-5h prior to shipping or 2=pigs 

tattooed 1-2 days prior to shipping) and the score for hours off feed (0h=0, under 9 or over 

16h=1, 9-12h=2) for each farm.  The researcher assigned the level of exertion score and cut 

points for each value of holding time, tattoo time and hours off feed based on a combination of 

personal experience with the farm visits and supporting literature for the effects (e.g. skin lesions 

and increased lactate due to fighting and transport losses) of the hours off-feed, presorting and 

mixing unfamiliar pigs (Guardia et al., 1996; Warriss, 1996; Murray et al., 2001; Guardia et al., 

2009; Panella et al., 2012).  

Initially the mixed effect ordinal logistic regression analyses were completed with farm 

as the random effect and all risk factors each tested as a single fixed effect.  Continuous risk 

factors were tested both as continuous and categorized variables.  Farms with missing data for a 
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farm level risk factor were dropped from that analysis.  Those with a liberal P-value of P< 0.2 

were selected for further testing in a mixed effects ordinal logistic regression model. All 

variables retained in the final model were checked for collinearity and interactions.  Significance 

for inclusion in the final model was set at P<0.05 and the model was constructed using a forward 

elimination process.  Proportional odds assumptions were tested using the omodel function of 

Stata.  Overall model fit was assessed using M Pseudo R2, provided from the user written Stata 

command “fit_meologit_2lev”. 

6.4 Results 

Thirty-three farms initially signed consent forms to participate in the study, however only 

30 farms completed the producer questionnaire (low ITL= 11, moderate ITL= 9, high ITL= 10) 

and of those 26 farms were visited (low ITL=9, moderate ITL=7, high ITL=10). The outbreak of 

porcine epidemic diarrhea virus (PEDv) that occurred in Ontario, Canada in 2014 increased the 

biosecurity practices on many farms including the refusal of unnecessary personnel into the 

barns (Pasma et al., 2016).  Four farms participating in the study declined the farm visit for this 

reason (risk factor questionnaires were completed via phone and email).  Hence, a total of 30 

farms participated in this study. 

Three hundred hearts in total (10 hearts from the 30 farms) were examined.  The mean, 

standard deviation (SD), median and range of heart weights and heart weight ratios for each farm 

are presented in Appendix IX. Summary statistics for heart weights and weight ratios by in-
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transit loss category are presented in Table 6.1.  Cardiac risk factors that were significant as 

single fixed effects are presented in Table 6.2.   

Significant farm risk factors from the univariable analyses are presented in Table 6.3.  

The final model for on farm risk factors is found in Table 6.4.  For farms where pigs were 

unloaded and reloaded at another stop during transport from farm to abattoir, the odds of being in 

the combined high and middle ITL categories versus the low ITL category was 7.08 times higher 

(P=0.03) than for those that went straight from the farm to the abattoir.  For median THW/BW 

ratios greater than 3.2, the odds of being in the combined high and middle ITL categories versus 

low ITL are 11.66 times higher than for median THWBW ratios of 3.2 or less, given the other 

variable is held constant (P=0.004).  

Thirty one percent (9/29) of the farms unloaded and reloaded pigs during transport 

between the farm and the abattoir.   Four farms had a truck-to-truck transfer of pigs and 5 farms 

had pigs unloaded and reloaded at assembly yards.  All 9 farms had a holding score between 0-4 

(representing more exertion in the 24 hours prior to transport). 

6.5 Discussion 

The gross and histological lesions observed in the hearts examined have previously been 

reported to be associated with compensatory cardiac remodelling in pigs and humans (Gaudron 

et al., 2001; Shyu et al., 2002; Yang and Lin, 1997). The lesions do not indicate cause for the 

remodelling due to the limited intrinsic responses and shared molecular pathways involved in 
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cardiac compensation (Kehat et al., 2010; Robinson and Robinson, 2007).  Remodelling may 

result from a lack of cardiac fitness in the modern pig because of unintended, intense selection 

pressure for specific carcass and production traits (Yang and Lin, 1997).  Alternatively, the 

remodelling may have several different triggers as observed in human heart disease (e.g. 

infectious or genetic disease) (Maron and Maron, 2013; Lilley, 2011). 

The increased odds of being in the high to moderate category of annual in-transit loss 

rates over low annual ITL rates in relation to THW/BW ratio or the presence of cardiac lesions 

(such as dilation of the ventricles or major vessels), observed when examining the cardiac risk 

factors dataset has not been previously reported.  However, greater mean THW/BW and lower 

mean LVS/RV has been demonstrated when comparing the heart weights of markets pigs that 

died during transport to those that did not die (Zurbrigg et al., 2018).  The total heart weight to 

body weight ratio can indicate abnormalities such as cardiac hypertrophy (Robinson and 

Robinson, 2007). The LVS/RV may differentiate between LVS, RV or bi-ventricular 

hypertrophy (Robinson and Robinson, 2007; Bienvenue et al., 1991).  The relationships between 

cardiac remodelling and the presence of increased heart size and increased cardiac mass with 

hypertrophy are well-established (Bienvenue et al., 1991; Yang and Lin, 1997; von Fleet and 

Ferrans, 2000). Deviations from normal cardiac ratios can create functional problems for an 

animal as the adaptive capability of body systems is limited (Niewold et al., 2000).  This may 

result in pigs that are unable to respond to the increased physical exertion and cardiac workload 
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required during sorting, loading and transport and ultimately increased mortalities during 

transport. 

Median values of THW/BW provided a better fit within the final model when categorized 

by being over or under 3.2g/kg.  This value was selected based on values ranging from 3.2g/kg-

4.8gm/kg being listed as normal for mature pigs by Robinson and Robinson (2007) (no ages 

were listed so this may include sows and boars) and values ranging from 3.0g/kg-3.6g/kg in 

market pigs (Zurbrigg et al., 2018).  Left or right ventricular hypertrophy, or both, will increase 

the THW/BW ratio.  Left ventricular hypertrophy can be the result of aortic stenosis, severe 

hypertension, coronary artery disease, left atrioventricular or aortic valve dysfunction or 

cardiomyopathies (Lilley, 2011).  Right ventricular hypertrophy may arise from a variety of 

causes including: LV dysfunction, pulmonary hypertension, and right atrioventricular or 

pulmonary valvular dysfunction (Lilley, 2011; Voekel et al., 2006).  Once the hypertrophy 

begins to affect ventricular function, the heart’s ability to respond to increased cardiac output 

demands becomes limited, reducing exercise tolerance and increasing the risk of cardiac 

insufficiency (Pinsky et al., 2016).   This concept is supported by the significant difference in 

THW/BW (3.3 vs 3.6 P<0.001) found in another study when comparing the hearts of control 

pigs and pigs that died during transportation respectively (Zurbrigg et al., 2018).  It is plausible 

that a farm with high rates of in-transit loss has pigs that are less tolerant of physical exertion due 

to their median THW/BW being over 3.2g/kg (indication of hypertrophy). 
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The presence of PEDv in Ontario in 2014 increased or changed the biosecurity protocols 

on many farms (Pasma et al., 2016).  Many farms began using a farm truck to load pigs from the 

barn, drove a selected distance from the barn and then transferred the pigs to a commercial 

livestock truck to remove the risk of a potentially infected commercial transport vehicle backing 

up to the barn door.  This process increased the length of time of loading (generally only 20-30 

pigs at a time could be moved in the farm vehicle) and increased the stress and exertion 

experienced by the pigs due to the loading and reloading process.  If farm vehicles were too low 

or too high for the barn load out door, pigs may be reluctant to enter due to the step, leading to 

increased bottlenecks, piling and potential use of an electric prod from handlers resulting in 

increased stress and physical exertion (Hamilton et al., 2004; Averos et al, 2008).   

Similarly, the transfer from the farm vehicle to the commercial vehicle may have created 

a bottle neck with piling and prod use if pigs were reluctant to traverse the transfer chute due to 

exposure to the elements or a step.  Alternatively, the pigs from some farms were unloaded and 

reloaded at an assembly yard prior to transport to the abattoir.  These pigs may have experienced 

increased heart rates and fighting when negotiating ramps (Mayes and Jesse, 1988; Lewis et al., 

2008) or being mixed with unfamiliar pigs (Warriss, 1996; Rademacher, 2007; Johnson et al, 

2010) in a pen at the yard.  It is possible that farms where pigs are unloaded and reloaded during 

transport to the abattoir have higher rates of in-transit losses due to the greater stress and physical 

effort they experience over pigs transported directly. 
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6.6 Limitations of the study 

Following regulatory protocols, veterinary inspectors on the processing line of the 

abattoir condemn and discard any hearts with visual gross pathologies.  This inspection process 

may have excluded the potential of some types of cardiac conditions (e.g. fibrosing pericarditis) 

and potentially the most severely enlarged hearts from being examined for this study. 

As the producer selected the day for the researcher to visit, and all producers knew the 

purpose of the study, it is possible that some aspects of loading management or producer 

responses were modified to align with best practices for the industry.  On some farms this may 

have contributed bias to variables such as loading tool choices (board, paddle, electric prod) or 

the time required to load the animals.   

To account for the large number of potential loading management risk factors and the 

farm to farm variation of some of these variables (e.g. distance from home pen to loading area or 

number of 90 degree turns in the alleyway that pigs must negotiate from the home pen to the 

loading area) further research using a greater number of farms should be pursued to extrapolate 

the complex interactions between farm loading management factors, cardiac risk factors and the 

annual rate of in-transit loss of pigs. 
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6.7 Conclusion 

Total heart weight over body weight ratios over 3.2 and whether or not pigs were 

unloaded and reloaded during transport from farm to abattoir were associated with farms with 

low, moderate and high rates of annual in-transit losses.  The numerous stressors and the 

physical exertion experienced by pigs during sorting, loading and transport are cumulative and 

can contribute to transport losses.  Their effects will have detrimental consequences on those 

pigs compromised by cardiac remodelling (e.g. hypertrophy).  
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6.9 Tables 

Table 6.1 Summary statistics for heart weights (total heart weight [THW], left ventricle plus 

septum [LV+S], right ventricle [RV], body weight [BW]) and heart weight ratios (total heart 

weight/body weight [THWBW], left ventricle plus septum/total heart weight [LVTHW], right 

ventricle/total heart weight [RVTHW], left ventricle plus septum/ body weight [LVBW], right 

ventricle/body weight [RVBW], left ventricle + septum/ right ventricle [LVRV]) for all 300 

hearts by low, moderate and high in-transit loss (ITL) category 

ITL = low 

Variable  Obs Mean Std. Dev. Min Max 

THW  100 398.4791 48.55358 313.76 584.4 

LVSRV  100 2.779211 .3190312 2.180812 3.849527 

BW  100 124.5373 5.691958 113.1247 130.9936 

THW/BW   100 3.203943 .3953544 2.526535 4.623975 

LVS  100 248.1735 31.92003 197.06 394.77 

RV  100 89.9946 12.26518  67.3 125.34 

LVS/THW  100 .6232893 .0324268 .545589 .7337782 
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RV/THW  100 .2262103 .0190463 .1695143 .2694512 

LV/BW  100 1.994292 .2500574 1.586489 3.013658 

RV/BW  100 .7240974 .1035015 .5224847 1.04758 

        

ITL= moderate 

Variable  Obs Mean Std. Dev. Min Max 

THW  110 409.0712 44.44049 310.61 539.35 

LVSRV  108 2.736307 .3163942 2.062179 3.802977 

BW  110 126.3331 3.802826 120.4878 134.3124 

THW/BW  110 3.240163 .3583944 2.527675 4.221355 

LVS  109 254.0061 26.15661 188.9 345.32 

RV  109 93.72908 12.38345 57.3 135.39 

LVS/THW  109 .6222974 .0336545 .534575 .6794553 

RV/THW  109 .2293455 .020596 .1755528 .2917365 

LV/BW  109 2.012541 .2165457 1.51639 2.702732 
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RV/BW  109 .7424398 .1000126 .4755668 1.082548 

        

ITL= high 

Variable  Obs Mean  Std. Dev. Min  Max 

THW  94 413.9555 50.63062 318.74 604.32 

LVSRV  94 2.650401 .3281297 1.657682 3.820539 

BW  94 124.1047 4.458399 117.5388 131.672 

THW/BW  94 3.335694 .3913374 2.6124 4.589586 

LVS  94 252.2467 29.0182 186.58 361.59 

RV  94 96.27191 14.04096 69.82  142 

LV/THW  94 .6113558 .041876 .3777496 .6914039 

RV/THW  94 .2333423 .0262736 .1513613 .326305 

LVBW  94 2.032802 .2265053 1.587391 2.870185 

RVBW  94 .7765189 .1162648 .5792042 1.208112 
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Table 6.2 List of significant potential cardiac risk factors (P<0.2) (n=30 farms) for in-transit 

losses of swine after repeated mixed effects ordinal logistic regression analyses with an outcome 

of low, moderate or high annual rate of in-transit loss (LMH ITL), random effect of farm and a 

single fixed effect. 

 

 

Risk Factor Odds Ratio Standard Error 
(robust cluster) 

P value         95% CI 

Total Heart 
Weight/Body weight 
(THW/BW) 

1.30 0.17 0.052        1.0 -  1.69 

THW/BW over 3.2 1.19 0.10 0.033        1.02 - 1.41 

Left Ventricle weight 
/Right ventricle weight 
(LV/RV) 

0.71 0.11 0.023        0.53 - 0.95 

LV/THW 0.76 .05 0.001       0.02 – 0.30 

RV/THW 67.51 68.37 0.001       9.28 - 491.43 

Dilation of one or both 
ventricles 
(DilatventYN) 

1.26 0.11 0.009       1.06 – 1.59 

Dilation of major 
vessels (DilvessYN) 

1.40  0.20 0.020       1.05 – 1.85 

Pathology lesion 1.31    0.09          0.001       1.15 – 1.49 
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Table 6.3 List of significant potential on-farm risk factors (P<0.2) and the median total heart 

weight over body weight (n=30 farms) for in-transit losses of swine after repeated univariate 

mixed effects ordinal logistic regression analyses with an outcome of low, moderate or high 

annual rate of in-transit loss (LMH ITL) and controlling for farm. 

 
 

  

Risk Factor Odds Ratio Standard Error 
(robust cluster) 

P value         95% CI 

Unloaded 4.49 3.50 0.054       0.97 - 20.69 

Weight test 2.95 2.07 0.123       0.75 - 11.70 

Autosorter used 0.27 0.23 0.123       0.05 - 1.43 

Off feed YN .28 .22 0.101       0.06 - 1.28 

TattoosamedayYN 9.18 7.67 0.008       1.78 - 47.23 

THW/BWm 37.48 65.84 0.039       1.20 - 1172.08 

THW/BWmC 8.74  6.82 0.005       1.90 - 40.29 

Pathology lesion 5.25    4.01          0.033       1.14 - 24.15 

Dilatvesselpercent 1.11 0.07 0.100        0.98 - 1.26 

Dilatventpercent 1.06 0.04 0.098        0.99 - 1.13 

Holdtime .64 .21 0.168        0.34 - 1.21 
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Table 6.4 The final mixed effects ordinal logistic regression model with low, moderate and high 

annual rates of in-transit loss (LMH ITL) of market hogs as the outcome, farm as the random 

effect and risk factors of median total heart weight over body weight over 3.2 (THWBWmC) (10 

hearts per farm) and unloaded (prior to the abattoir) as risk factors on 30 Ontario farms. 

Mixed-effects ologit regression           

Group variable: farm         Number of obs  = 29  Number of groups = 29 

Obs per group: min = 1    avg = 1.0    max = 1  Integration method: laplace 

Wald chi2(2)= 12.10   Log pseudolikelihood = -25.564621       Prob > chi2  =    0.0024 

(Std. Err. adjusted for 29 clusters in farm-Robust cluster VCE)             

 LMH ITL           Odds Ratio          Std. Err.          z             P>|z|         [95% Conf. Interval] 
 
THWBWmC            11.66                  9.88             2.90          0.004                    2.22 - 61.33 
 Unloaded                   7.08                  6.38             2.17           0.030                    1.21 - 41.45 
 
       /cut1                     0.92                  0.70             1.31           0.189                   -0.45  -  2.29 
       /cut2                     2.91                  0.75             3.88           0.000                    1.44  -  4.37 
 
Farm          
   var(_cons)               0.42                  0.23                                                             0.15  -  1.21 

 

Fit-measures for the MELOGIT/MEOLOGIT-model: (user written command 
fit_meologit_2lev1) 

McKelvey&Zavoina-Pseudo-R2 (fixed&random effects)=   0.4229 

McKelvey&Zavoina-Pseudo-R2 (fixed effects only)=   0.4190 

 

1. Langer, W. 2017.  How to assess the fit of multilevel ordinal logit models in Stata. 
Meeting of the German Stata User Group, Humbolt University Berlin. 
https://langer.soziologie.uni-halle.de/stata/index.html 
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CHAPTER SEVEN 

Conclusions, limitations and future opportunities 

7.1 Introduction 

The fundamental hypothesis behind this study was that individual pig disease existing 

prior to transport would make a pig more susceptible to death or recumbency on the truck or at 

the abattoir due to a compromised pig’s inability to cope with the physical exertion and stress 

associated with sorting, loading and transport.  The objectives of this thesis were threefold. 1) To 

determine if swine diseases, specifically cardiac, were associated with in-transit loss (ITL) pigs 

and to describe these diseases. 2) To determine if a heritable cardiac condition could be 

associated with the lesions observed in pig hearts. 3) To determine if cardiac lesions, heart 

weights and heart ratios, and loading management risk factors on the farm were associated with 

low, moderate and high annual rates of in-transit losses. 

In-transit losses in pigs are not fully explained by the commonly cited environmental or 

journey-related risk factors.  The low proportion of market pigs that die during transport 

compared to the large numbers of pigs routinely transported without losses, although exposed to 

similar transport risk factors suggests that undetermined, individual pig factors may be a major 

contributor to ITLs.  Health problems in ITL pigs have not been well-studied and post-mortem 

examinations at the abattoir are not routinely performed on ITL pigs.  This concluding chapter 
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summarizes the key findings and recommendations from this thesis, the limitations of the 

approaches used, and the opportunities for future research. 

7.2  Summary of key findings 

7.2.1  Objective 1: Description and association of pig health with in-transit losses  

7.2.1.1 Chapter 2 

The completion of post mortem examinations on market pigs (n=85) that died during 

transport to an abattoir in both cold and warm weather demonstrated the most common findings 

to be pulmonary congestion and edema (62/85 or 73%) and cardiac pathology including variable 

combinations of hypertrophy and dilation of the right and left ventricles, dilation of the lumen of 

the atria, and dilation of the lumen combined with wall thinning of the pulmonary artery and 

aorta (100%).  These findings suggested heart failure as the cause of death in the ITL hogs 

examined and prompted further examinations focused only on cardiac health. 

The frequency of cardiac lesions in the 85 ITL hearts examined was: right ventricular 

(RV) dilation (98%), dilation of the atria (64%), dilation of the pulmonary artery and aorta 

(87%), thickening and nodularity of the atrioventricular valves (40%) and pericarditis (18%).  

The left ventricle plus septum over right ventricle weight ratio (LVS/RV) was under 2.8, 

indicating RV hypertrophy.  The cardiac lesions observed are not spontaneous and it is likely 
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they take weeks to months to occur.  This work demonstrated that heart failure due to pre-

existing heart lesions was a plausible cause of death rather than heat stress in ITL pigs. 

7.2.1.2 Chapter 3 

To ensure the cardiac lesions described in Chapter 2 were truly associated with death of 

ITL pigs, a comparison of the hearts of 70 ITL and 388 non-ITL hearts from market-weight pigs 

was completed.  Greater frequencies of gross cardiac lesions were observed in ITL pigs than 

non-ITL pigs (P<0.05).  These included: RV dilation (100% vs 5%), RV hypertrophy (86% vs 

57%), LV dilation (79% vs 0.5%), LV hypertrophy (97% vs 64%), atria dilation (67% vs 0.5%), 

dilation of the pulmonary artery and aorta (59% vs 1.5%) and thickening of the atrioventricular 

valves (50% vs 3.6%).  The hearts from ITL pigs had greater (P<0.05) total heart weights 

(TWH), left ventricle plus septum (LVS) weights, and RV weights. Total heart weight over body 

weight ratios were greater in ITL pigs over non-ITL pigs of approximately the same age and 

weight (market weight) indicating cardiac hypertrophy.  The LVS/RV ratio was lower in the 

hearts of ITL pigs and under 2.8, indicating RV hypertrophy.  This work demonstrated a 

difference in the frequencies of gross cardiac lesions and a difference in the cardiac weights and 

ratios between ITL and non-ITL pigs. These lesions and changes to the heart take time to occur 

which further supported heart failure due to pre-existing cardiac lesion as the cause of death in 

ITL pigs.    
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7.2.1.3 Chapter 4 

Three hundred and ninety-six hearts from market weight pigs (non-ITL) were taken from 

the processing line of an abattoir and weighed and then examined for gross and histologic 

lesions.  Hearts were placed into three categories after examination: lesion-free (24/396 or 6%), 

gross lesions only (76/396 or 19%) and lesions (gross and histologic lesions) (297/396 or 75%).  

The LVS/RV was lowest for the gross lesion only category significantly increased for the gross 

and histologic lesion category and was highest for the lesion-free category (P<0.05).  Total heart 

weight over body weight ratio was greater for the lesion category than the no-gross lesion 

category (P<0.05). This work further demonstrated the association between the presence of gross 

cardiac lesions and increased cardiac weights and weight ratios. This provides an objective 

measurement (weights) to support to the more subjective observation of the presence of a visible 

lesion, specifically when lesions may be subtle.  The work also furthered the implication that 

many farms had pigs affected with pre-existing cardiac lesions and the question as to their cause. 

7.2.2 Objective 2: An investigation of the association of a heritable cardiac condition with 

observed cardiac lesions in pigs  

7.2.2.1 Chapter 5 

A total of 536 samples of cardiac tissue from ITL and non-ITL hearts were genotyped (149=ITL 

and 387 non-ITL) to determine if a heritable cardiomyopathy was present.  A low association 

was present with genes previously associated with dilated cardiomyopathy (DCM), 
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arrhythmogenic right ventricular cardiomyopathy (ARVC), congenital cardiac defects (e.g. 

Tetralogy of Fallot), ventricular hypertrophy and arrhythmias.  All of these syndromes have an 

established association with heart failure.  This work determined that it is likely that the cause of 

cardiac changes resulting in heart failure in pigs is multifactorial and it is unlikely that a heritable 

cardiomyopathy is the single cause of heart failure in ITL pigs.  

7.2.3  Objective 3: An investigation of cardiac lesions, heart weights and heart ratios and 

loading management risk factors on the farm, and their association with low, moderate and high 

annual rates of in-transit losses on farms.  

7.2.3.1 Chapter 6 

Examining 300 hearts from the processing line from 30 farms (10 hearts from each farm) 

classified by low, moderate and high rates of annual in-transit losses resulted in differences 

between cardiac weights and weight ratios and the loading management risk factors between 

high and low loss farms.  Investigation of many on-farm risk factors lead to only two significant 

factors in the final model which were associated with high annual rates of in-transit loss.  Farms 

where pigs were unloaded and reloaded between transport from the farm to the abattoir (OR 

7.08, P=0.03) and farms where the median THW/BW ratios were greater than 3.2 (OR 11.7, 

P=0.004) were associated with moderate to high rates of annual in-transit losses.  This work 

demonstrated the importance of increased cardiac weight ratios (indicating cardiac remodelling) 
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and increased physical exertion prior to transport to the abattoir, as risk factors for in-transit 

losses. 

7.3 Limitations 

Limitations existed with the experimental design.  Few references could be found which 

described an association between cardiac lesions or heart weights in pigs and in-transit losses.  

As a result, there were few references to indicate agreement or disagreement with the 

observations of this study (e.g. previously published cardiac weight ratios for pigs that died 

during transport).  It was therefore difficult to make comparisons with established research and 

will remain so until further research on the association of cardiac weights and lesions with ITLs 

has been completed.  

A second limitation is the lack of accuracy of the body weight of the non-ITL pigs.  Due 

to the abattoir protocols, a specific pig body weight corresponding to each non-ITL heart could 

not be determined.  Instead a mean body weight was calculated from all pigs identified with the 

specific farm ID on the load from which non-ITL hearts were selected.   However, the abattoir 

did pay the highest prices for pigs that fell within a specific weight and back fat category. This 

encouraged a low variation in the body weights of a farm’s shipments as demonstrated by the 

low standard deviation of weights in a load (data not shown).  Therefore, using the mean BW per 

shipment would have provided a close approximation of the actual BW of each pig.  In addition, 

the heart weight ratio of LVS/RV can be used to indicate the presence or absence of cardiac 
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pathology which does not require the body weight of the pig.  LVS/RV ratios supported the 

THW/BW and gross pathology observations in this study for both ITL and non-ITL pig hearts.  

In this study, observations of gross lesions were analyzed simply as present or absent.  

However, varying levels of lesion severity were observed.  Gross lesions were originally scored 

by pathologist by levels of severity (absent, mild, moderate, severe-data not shown) but the 

highly variable nature of the gross lesions meant that such classifications were highly subjective.  

This was particularly true when trying to accurately and reliably distinguish between mild and 

moderate lesions.   Wall thickness measurements have been suggested to provide a more 

objective measure of the severity of the lesion but were not used in this study.   This was due to 

the counter-argument that wall measurements are equally subjective if not taken at precisely the 

same location on each heart which is challenging when there is highly variable gross morphology 

such as that observed in the pig hearts examined. 

The samples used in this study were collected for the primary purpose of documenting 

the cause of death in ITL pigs and comparing cardiac morphology between ITL and non-ITL 

commercial, cross-bred pigs.  Therefore, another limitation of this study is that the sample size 

may have been adequate to identify certain genetic or environmental differences.  Performing 

analyses on a larger group of pig hearts or purposeful sampling to consider and examine other 

variables (genetic lines, farm management, etc.) would increase the strength of these analyses 

and confirm the reliability of these results.  
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  In this study no measures of heart function were collected as all the hearts were removed 

from pigs that had died or were killed at the abattoir.  As such, a limitation of this study is the 

inability to relate the gross and histological observations and the heart weights and ratios to heart 

function.  Pigs have few easily observable clinical signs of cardiac insufficiency until challenged 

by stress for physical exertion such as fighting or during sorting and loading for transport.  

Finding live pigs with cardiac insufficiency to study heart function in relation to cardiac 

morphology would be challenging, but important, research. 

Lastly, the pigs used in this study were obtained from farms and shipments sent to one 

Ontario abattoir.  While there is no known reason that these pigs were not representative of the 

entire Ontario or Canadian population of pigs, the use of pigs from only one abattoir is a 

limitation to be noted if generalizing the results of this study to a larger pig population.  Despite 

the limitations discussed above, the consistencies among the conclusions drawn from multiple 

chapters in this thesis lends support to the usefulness of the results. 

7.4 Opportunities for future research 

This research supports the hypothesis that cardiac health is an important risk factor affecting 

transportation losses in swine.  It also highlights opportunities for future research in the 

following areas listed below: 

 Heart weights are a more objective measure for determining hypertrophy or level of 

hypertrophy than heart wall measurements due to the inability to easily ensure precision 
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and accuracy of heart wall measures.  The use of digital image analyses to automatically 

measure wall thicknesses or measure and calculate overall surface area of the various 

parts of the heart would increase the accuracy of such measurements. 

 Research to measure cardiac function in pigs that are non-ambulatory or indicating signs 

of cardiac insufficiency or studies to investigate the relationship between cardiac function 

and gross and histologic or cardiac weight ratios in pigs would be valuable to confirm 

cardiac insufficiency as the cause of death.   

 The goal of the genetic analyses was to identify genetic risk factors for cardiac lesions 

and identify the biological underpinnings of disease susceptibility.  In the case of ITL 

pigs or pigs with gross or histological cardiac abnormalities, future genetic investigations 

should focus on determining specific genetic markers of cardiac lesions, increased 

cardiac weights and identifying individuals at risk of sudden death.  An on-farm test that 

could identify pigs at increased risk of cardiac failure would allow producers to 

implement specific management strategies and methods of handling and transport of high 

risk pigs. 

 Identification of specific genetic markers for cardiac insufficiency in pigs would allow 

breeding stock companies to eliminate animals carrying those genes from their genetic 

base.   
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7.5 Concluding remarks 

The gross cardiac lesions of hypertrophy and dilation of the ventricles and increased heart 

weights were consistently found over several investigations of pigs that died during transport and 

were found with greater frequency in hearts from ITL compared to non-ITL pigs. The 

observations of gross lesions such as hypertrophy were substantiated by the corresponding 

increased cardiac weights.  Furthermore, while hearts from non-ITL pigs were less frequently 

affected with cardiac lesions, the presence of gross lesions in non-ITL hearts was associated with 

increased heart weights compared to hearts without lesions.  While cardiac function was not 

measured in this study, it is plausible that pigs with cardiac lesions, increased THW/BW or 

decreased LVS/RV cardiac weight ratios are unable to respond to the increased cardiac exertion 

required during sorting, loading and transport to the abattoir which results in transport mortalities 

due to cardiac insufficiency.   Further research is needed to determine what initiates cardiac 

remodelling in pigs and to measure cardiac function in pigs with lesions.  A complete 

examination of the heart including total and sectioned cardiac weights and ratios should be a key 

component of a post-mortem examination when determining the cause of death in ITLs. 

 The factors commonly associated with transportation losses of pigs (i.e. environmental, 

journey length, handling practices, or truck-related factors) have the shared characteristic of 

causing added exertion or stress.  Physical or social stresses can both result in increased heart 

rates.  It is possible that pigs with abnormal cardiac morphology are less able to compensate for 
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the increased cardiac workload associated with sorting, loading, and transportation.  Pig to pig 

variations in cardiac health may explain the variability of transportation losses in pigs. 
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APPENDICES 

Appendix I Supplementary materials for Chapter Three 

Standardized heart examination protocol for the opening and histological sectioning of the 70 

in-transit loss and 388 non-in-transit loss hearts examined from one abattoir in Ontario, 

Canada. 

Opening of the heart 

The heart was opened following the inflow-outflow method as described below and found in 

(Robinson and Robinson, 2007). The right atrium was opened, from the caudal vena cava to the 

tip of the auricular appendage.  The right AV valve and the foramen ovale/fossa ovalis were 

examined and any thrombi were noted.  The lateral side of the right ventricle was then opened 

adjacent to the ventricular septum and the right AV valve and chordae tendineae were examined. 

The moderator band (trabecula septomarginalis) was then transected.  The rostral wall of the 

right ventricle was then cut through, and the pulmonic valve was examined for stenosis and then 

opened.  The patency or closure of the ductus arteriosus (bear to the right when opening the 

pulmonary artery in neonates to avoid cutting through a patent ductus arteriosus and creating a 

false anomaly) was noted. The left atrium was then opened by cutting into the auricular append-

age and then parallel to the ventricular groove. The interatrial septum, foramen ovale/fossa 

ovalis, and the left AV valve were examined. The left ventricle was then opened by cutting 
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longitudinally through the free wall (from base to apex), examining the left AV valve before 

cutting it. Chordae tendineae were examined before cutting the left AV valve to ensure that pre-

existing ruptures of the chordae are detected.  Following the blood flow, the left ventricular 

outflow tract was then cut through and into the aorta. The pulmonary artery was transected by 

this action.  

Histology Sections 

Four transmural sections of approximately 0.5 cm thickness and one cm2 were taken from each 

heart perpendicular to the long axis of the left ventricle. They included: 1) ventricular septum (S) 

taken from approximately one third the distance between the aortic valve and the left ventricular 

apex 2) posterior left ventricle (PLV) wall approximately half the distance between the mitral 

valve annulus and the left ventricular apex 3) anterior left ventricle (ALV) wall approximately 

two cm lateral to the anterior descending coronary artery and 4) right ventricle (RV) wall at the 

apex.  In addition, a transverse section was taken of the proximal aorta dorsal to the aortic valves.  

Slides were prepared routinely and stained with hematoxylin-eosin and the presence of any 

lesions was recorded. 
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Appendix II Supplementary materials for Chapter Three 

Visual presentation of the presence and absence of the gross and histological lesions observed 

in a study examining 70 in-transit loss and 388 non-in-transit loss hearts from market pigs 

from one abattoir in Ontario, Canada. 

Figure 1. Left ventricular thickening: absent (left) present (right) 

   

 

 

 

Figure 2.  Right ventricular thickening: absent (left) present (right) 
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Figure 3. Left ventricular lumen dilation: absent (left) present (right) 

 

 

 

 

 

Figure 4. Right ventricular lumen dilation: absent (left) present (right) 

  

 

  



 

 

209 

 

Figure 5.  Comparison of a dilated (left) and non-dilated (right) aorta 

 

 

        

        

        

         

Figure 6. Comparison picture of overall enlargement of ITL (left in each picture) versus non-ITL 

heart (right in each picture). 
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Appendix III Supplementary materials for Chapter Four 

Genes without known association with cardiac physiology or function within regions of 

interest for all phenotypes. 

Phenotype Chromosome ROI start ROI end # SNPs MFST value Gene 

RVD 1 102500000 103000000 5 0.0335806 DCC 

ITLX 1 143500000 144000000 10 0.059387 MPHOSPH10 

ITL, ITLX 1 143250000 143750000 6 0.0674252 TRPM1 

ALL phenotypes 1 186000000 186500000 4 0.0610026 AP5M1 

ALL phenotypes 1 186000000 186500000 6 0.0416846 OTX2 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 BRD8 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 CDC23 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 CDC25C 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 ETF1 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 GFRA3 
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RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 KIF20A 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 LOC100515533 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 LOC110255186 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 NME5 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 REEP2 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 EGR1 

RVD 0 vs 2-3 2 140000000 140500000 7 0.0534128 FAM53C 

ITL 3 76500000 77000000 6 0.0425293 CEP68 

RVD, ITLX, ITL 3 77000000 77500000 8 0.0356151 AFTPH 

RVD, ITLX, ITL 3 77000000 77500000 8 0.0356151 LGALSL 

AtrialD 4 130250000 130750000 12 0.040984 C4H1orf52 

AtrialD 4 130250000 130750000 12 0.040984 SYDE2 

AtrialD 4 130250000 130750000 12 0.040984 ZNHIT6 
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AtrialD 6 102500000 103000000 9 0.0438922 DLGAP1 

RVD, ITLX 8 96500000 97000000 10 0.0346646 ABHD18 

RVD, ITLX 8 96500000 97000000 10 0.0346646 LARP1B 

RVD, ITLX 8 96500000 97000000 10 0.0346646 PGRMC2 

RVD, ITLX 8 96500000 97000000 10 0.0346646 PLK4 

RVD 0 vs 2-3 9 78750000 79250000 5 0.0546085 NXPH1 

AorticD 15 120750000 121250000 11 0.0326266 CYP27A1 

AorticD 15 120250000 120750000 10 0.0308432 GPBAR1 

AorticD 15 120250000 120750000 10 0.0308432 RNF25 

AorticD 15 120250000 120750000 10 0.0308432 SLC11A1 

AorticD 15 120750000 121250000 11 0.0326266 CNPPD1 

AorticD 15 120500000 121000000 8 0.0335469 CNOT9 

AorticD 15 120500000 121000000 8 0.0335469 STK36 
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AorticD 15 120500000 121000000 8 0.0335469 TTLL4 

AorticD 15 120500000 121000000 8 0.0335469 USP37 

AorticD 15 120500000 121000000 8 0.0335469 ZNF142 

AorticD 15 120750000 121250000 11 0.0326266 IHH 

AorticD 15 120750000 121250000 11 0.0326266 NHEJ1 

AorticD 17 17750000 18250000 9 0.0296093 PLCB4 

 

 

 

 

 

  



 

 

214 

 

Appendix IV Supplementary materials for Chapter Six 

In transit Loss Project-Heart Defect and Loading Risk Factor Questionnaire 

 

 

 

 

ONTARIO VETERINARY COLLEGE 

Department of Population Medicine 

Researcher Contact: kzurbrig@uoguelph.ca  519-803-8390, fax 519-846-8178 

 

Tattoo__________________________Date_________________ 

Herd Information: 

1. Farm Type:  Farrow-Finish   Wean-Finish □Finish only 

2. How many times have pigs been transported prior to entering the finishing barn? 

__________________________________________________________________ 
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Genetics: (if finish only please answer N/A for questions 1 and 2) 

1. Semen is purchased from:__________________________________________________ 

Boar line or pooled?:______________________________________________________ 

2. Gilt line used:____________________________________________________________ 

3. Genetic line of finishers:____________________________________________________ 

4. How long have you been using the genetic lines specified?_________________________ 

Grower/Finisher Routine: 

1. Is the system all in/all out or continuous flow  by room  or by barn ? 

2. Do you use an autosorter? yes□  no□ 

3. How many pigs go into the grower-finisher area and how often? ____________________ 

per  week□ biweek□ month□ or quarter□ 

Other□_________________________________________________________________ 

4. Approximately how many pigs are there per pen?________________________________ 

5. Approximate pen dimensions?_______________________________________________ 
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6. Are the pigs regrouped or relocated during the time they are in the grower-finisher area, 

for reasons unrelated to shipping them to market (eg if grower and finisher pens are 

separate areas and pigs are regrouped as they age)?______________________________ 

7. Are the pigs moved in and out of the pens temporarily during their time in the grower-

finisher area (e.g. over a scale for weighing)? If yes how often during their time in the 

grower/finisher area?_____________________________________________________ 

8. On average, how many times in a week would you or an employee enter a finishing pen 

with hogs (i.e. to check on or vaccinate a pig, mark a pig or fix a feeder/waterer)?______ 

9. How many finishing pigs have died in the in the past two weeks?___________________ 

10. Is this number of finishing pig deaths typical□ or above average□ or below average□ 

for your farm? 

11. What percent of these deaths would you call a “sudden death”, where the pig had no 

visible health problems and then was: found dead with no obvious reason__________ or 

found beat up__________? 

12. What is your percent mortality during the entire grower-finisher time period?__________ 
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13. When moving pigs to new pens, handling or loading pigs for transport have you ever seen 

a pig with one or more of the following clinical signs: blotchy skin colouring  open 

mouth breathing  trembling  lay down and be unable to rise for more than 5 

minutes  sudden death□ 

14. As pens empty out over a few weeks of shipping do you regroup the pigs to free up pen 

space or do you keep the pigs where they were and let the pens empty out?  Regroup 

pigs□  do not regroup pigs□       N/A (I have an autosorter)□ 

15. If you regroup pigs, do you do anything extra to prevent fighting in the pen? (e.g. Add 

toys, mix the pens at the end of the 

day)___________________________________________________________________ 

Loading and Transport: 

1. Are your pigs transported directly to the processing plant from your farm? yes  no 

2. If no, approximately how many stops does the truck make before arriving at the 

plant?_____________ ___________________and are your pigs unloaded during the 

stop?_____________________________ 

3. Are your pigs transported on a truck with pigs from other farms? yes  no 

4. What day(s) of the week do you usually ship pigs to the processing plant?____________ 
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5. What is the usual time of loading pigs onto the truck at your farm?_______________ 

am□  pm□ 

6. Are pigs from different pens grouped together in the holding/shipping area prior to 

loading onto the truck? yes  no 

7. How are pigs selected for shipping? autosorter□  weight is estimated by looking at the 

hog□  hogs are run over a scale□  

8. How long prior to being loaded onto the truck are the pigs grouped in the 

holding/shipping area?____________________________________________________ 

9. On average, how many pigs do you ship from this barn in a 

week?__________________In how many loads?_______________________________ 

10. How many people usually assist in loading the pigs onto the truck?__________________ 

11. What tools do you commonly use to assist in moving and loading the pigs onto the truck? 

(e.g. paddle, prod, board)___________________________________________________ 

12. Do you have a regular day of the week for shipping and if so what is it?______________ 

13. What time of day do you usually ship? (if variable please list the range e.g. 10am-2pm) 

________________________________________________________________________ 
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14. What tools do you use to assist with loading? □prod □board □paddle □cane 

□Other_________________ 

15. What type of truck are the market pigs shipped on (check all that apply) :□3 level pot □2 

level hydraulic □bus or 1 level truck □other_____________________________________ 

16. Approximately how many kilometers is it from the barn to the plant?_______________ 

17. Is the loading chute on your farm: □level with the barn floor □a ramp upwards to the 

truck  □steps up to the truck  

□other_________________________________________________________________ 

18. Does the floor of the loading chute have grooves or cleats to provide traction for the hogs 

during shipping?__________________________________________________________ 

19. Before shipping: □Pigs are pulled directly from the pens and moved down the alleyway 

to the truck  □pigs are held in gated off sections of the hallway prior to loading □ pigs are 

grouped in separate holding/shipping pens prior to loading. 

20. When are pigs tattooed for shipping? □immediately before entering the truck   □the day 

of shipping but at least 30 minutes prior to loading the truck   □before the day of shipping 

21. Approximately how many hours are pigs off feed prior to shipping?________________ 

22. Do you use a liquid feeding system? □yes  □no 

If you have any additional comments please write them here: 
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Appendix V Supplementary materials for Chapter Six 

In-transit Loss Questionnaire-Researcher Observations 

 

 

 

In-transit Loss Questionnaire-Researcher Observations 

Tattoo__________________________Producer 

Name_________________________Date_________________ 

Loading procedures and pig movement: 

1. Start time ____________End time________________for loading pigs onto the truck? 

2. Number of pigs loaded from this farm?_______________________________________ 

3. How many people are helping to load the pigs?__________________________________ 

4. What tools are being used to direct the pigs towards the loading 

ramp?___________________________________________________________________ 

5. On average, how many pigs are sent to the loading ramp at one time?_______________ 
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6. During loading was the primary handler ever in front of the pigs being moved towards 

the loading ramp? yes no   if yes number of times__________________________ 

7. Prior to the start of moving pigs towards the ramp, the number of pigs in the holding pen 

that appear stressed? (e.g. down, blotchy, open mouth breathing, trembling or 

dead)_________________________________________________________________ 

8. Do the pigs in the holding area show signs that they have been fighting (e.g. fresh 

scratches)?______________________________________________________________ 

9. If yes, how many pigs are freshly scratched?____________________________________ 

10. Are there pigs already on the truck from another location? Y□ N□   

11. Number of compartments on truck?_________________Number of pigs in each 

compartment (see back of this page) 

12. (ask driver) Number of stops at farms/assembly yards before reaching plant?__________ 

13. (ask driver) Approximate drive time to reach plant?______________________________ 

14. What type of truck is being used? 3 level pot ramp starts at door□ 3 level pot ramp starts 

in from door□ 

Hydraulic truck 2 levels□  2 level commercial truck□  truck/trailer with only 1 level□ 
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15. On average, how many pigs appeared stressed (exhibited one or more of the above listed 

signs) while a group is being moved from the holding pen to the truck?( summary from 

farm data collection sheet)__________________________________________________ 

16. Average number of times each type of tool is used by the primary handler to move groups 

of pigs from holding pen into the truck? (summary from farm data collection sheet) 

Prod use_______________ paddle use__________________ Cane use_______________ 

Board use (if used to touch pigs)_______________________shouting________________ 

17. One the back of this page describe, draw and photograph (if acceptable to the producer) 

the holding/shipping area and loading ramp 

Loading Facility: 

18. Length of loading ramp?___________________________________________________ 

19. Height of loading ramp floor at highest point?__________________________________ 

20. Calculate slope of the ramp_________________________________________________ 

21. Width of loading ramp? (list range of narrowest-widest point)______________________ 

22. Height of side walls on loading ramp?________________________________________ 

23. Is the floor of the loading ramp grooved or is another anti-slip method used?__________ 
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24. Length and width of alley way prior to ramp?___________________________________ 

25. Dimensions of holding area:_________________________________________________ 

26. Is there access to water in holding area?_______________food?___________________ 

27. Is the loading ramp area more well-lit (visibly brighter) than the holding/shipping area?  

yes      no       no difference 

28. Is the truck more well-lit (visibly brighter) than the loading ramp?yes  no  no differ 

Notes: 
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Appendix VI Supplementary materials for Chapter Six 

Complete list of heart pathology risk factors of 300 hearts collected and tested for associations 

with the outcome of low, medium or high in-transit losses on 30 farms (10 hearts per farm) 

Risk Factor Definition 

heartID Unique ID for each heart 

tattoo Unique ID for each farm site 

numbrdead2014  The number of hogs that died during transport to the abattoir 
for each farm in 2014 

shipped2014 Number of pigs shipped to the abattoir from each farm for 
2014 

ITLrate2014 Percent of in-transit losses for each farm in 2014 
(deads/shipped) 

LMH ILT Low=0-0.03%, Medium=0.04-0.1%, High= 0.11-0.28% 
annual ITL 

DilatVentYN Dilation of the left or right ventricle was observed during post 
-mortem heart examination  

DilatVessel Dilation of the aorta and/or pulmonary artery was observed 
during the post-mortem heart examination 

endocardYN Thickened, nodular atrioventricular valves were observed 
during the post-mortem heart examination 

marked Marked ventricle thickening: 1=right 2=left 3=both 0=none 

moderate Moderate ventricle thickening: 1=right 2=left 3=both 0=not 
moderate 
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normal Normal ventricle thickening: 1=right 2=left 3=both 0=not 
normal 

pericard Pericardial fibrosis and increased pericardial fluid observed 
(Y or N) 

Assym Septum observed to be thicker than the LV wall (Y or N) 

aortasubintYN Subintimal fibrosis of the aorta was observed histologically  

LvSepGm Weight of the left ventricle plus septum in grams 

Rventgm Weight of the right ventricle in grams 

BW Total body weight of the pig in kilograms 

THWbw  Total heart weight over body weight in grams/kilograms 

LVTHW Left ventricle plus septum over total heart weight in grams 

RVTHW Right ventricle over total heart weight in grams 

LVBW Left ventricle plus septum over total body weight in 
grams/kilograms 

RVBW Right ventricle over total body weight in grams/kilograms 

LVRV Left ventricle plus septum weight over right ventricle weight 
in grams 

Thrtweightgm Total heart weight in grams 

THW/BW C Total heart weight over body weight ratio is greater than or 
equal to 3.3 (Y/N) 

LVS/RV C Left ventricle plus septum weight over right ventricle weight 
is less than 2.7 (Y/N) 
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Appendix VII  Supplementary materials for Chapter Six 

Complete list of on-farm potential risk factors collected and tested for associations with the 

outcome of low, medium or high in-transit losses on 30 farms 

Risk factor Definition Risk factor2 Definition 

Dayship Day of the week hogs are 
shipped on if standard 

tattoo Unique farm site identifier 

kldsmdy Pigs were killed at the 
abattoir on the same day as 
they were received (Y/N) 

toolbrd Board was used as the main 
tool to move pigs during 
loading (Y/N) 

loaded number of pigs loaded per 
shipment viewed 

toolcn Cane was used as main tool 
to move pigs during loading 
(Y/N) 

loadtime Number of minutes to load 
all pigs 

produse Estimate of severity of prod 
use observed during 
loading-mild, moderate, 
severe 

people Number of people assisting 
with loading the pigs 

infrnt During loading, the 
producer was observed to 
be in front of the group 
moving to the truck (Y/N) 

toolprod Electric prod was used as 
the main tool to move pigs 
during loading (Y/N) 

scratched Number of pigs with fresh 
scratches 
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toolpdl Paddle was used as the main 
tool to move pigs during 
loading (Y/N) 

pigsontruck Truck came to the farm 
with pigs on it (Y/N) 

mvdtormp Average number of pigs 
moved from holding area to 
loading ramp at one time 

unloaded Pigs were unloaded and 
reloaded during transport 
between the farm and the 
abattoir (Y/N) 

preloadstrs Number of pigs observed to 
be stressed in the holding 
area prior to loading 

strsspigldng Number of pigs observed to 
be stressed during loading 

perctscrtd Percent of pigs loaded that 
were observed to have fresh 
scratches 

rmplngth Length of the loading ramp 
in metres 

trucktype Type of livestock truck 
used: pot, straight truck, lift 
deck 

steps Does the farm use steps 
instead of a loading ramp 
(Y/N) 

stops The transport truck had 
stops (farm, yard) before 
arriving at the abattoir 
(Y/N) 

slopeC Rise over run calculation 
for loading ramp 

km Approximate number of 
kilometers from farm to 
abattoir. 

rmpwidth Width of loading ramp at 
narrowest point 

transporter Name of transporter used alywidth Width of alley at narrowest 
point 
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stepsnmbr Number of steps if used pulpens Pigs were pulled directly 
from their home pen and 
loaded (e.g. no holding area 
used) (Y/N) 

height What was the height of the 
loading ramp in metres at 
the tallest point 

offeed Number of hours off feed 
prior to loading 

grooved Was the floor of the loading 
ramp grooved (Y/N) 

trkbrite Truck was more brightly lit 
than the loading ramp 
(Y/N) 

fulwals Did the loading ramp have 
full walls (Y/N) 

autosorter An autosorter was used to 
select finishing pigs ready 
to ship (Y/N) 

mxalylngth the greatest distance the 
pigs had to move down the 
barn alley to loading ramp 

WF Farm was a nursery to 
finisher farm 

hldtime Amount of time pigs spend 
in the holding pen prior to 
shipping 

0=0-pulled direct from 
home pen; 1=less than 6 
hours 2= greater than 24 
hours 

TimesTransprt Number of times pigs were 
transported prior to being 
loaded for the abattoir 

hldpensqm average size of holding area 
on the farm in square metres 

Pooled Pooled semen is used (Y/N) 
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rmpbrite The loading ramp was more 
brightly lit than the 
alleyway (Y/N) 

allIn All in all out flow of 
finishing barn 

turns Number of right angle turns 
in the alleyway between 
holding area and loading 
ramp 

regrouped Pigs were regrouped several 
times prior to forming the 
group in the finishing pen 
(Y/N) 

FF Farm is farrow to finish prodinpen Producer estimate of the 
number of times they were 
in the finishing pens each 
week 

Fonly Farm is finishing pigs only blotchy Producer estimate of if they 
have ever seen pigs with 
reddened blotchy skin 
during loading (Y/N) 

Semen Artificial insemination 
Company used 

trembling Producer estimate of if they 
have ever seen trembling 
pigs during loading (Y/N) 

Boarline Genetic line of boar suddead Producer estimate of if they 
have ever had pigs suddenly 
die during loading (Y/N) 

Giltline Genetic line of gilts prev If pigs are regrouped during 
finishing, are any steps 
taken to prevent fighting 
(Y/N) 
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Percertmort Producer estimate of the 
average percent mortality 
for the finishing barn 

varshiptime Had a variable shipping 
time as receiving time at 
abattoir was not standard 
(Y/N) 

moved Finishing pigs are routinely 
moved in and out of pens 
prior to shipping (Y/N) 

mixed Hogs from different pens 
are mixed together in a 
holding area prior to 
shipping (Y/N) 

deads2weeks Producer estimate of the 
number of deaths in the 
barn in the past two weeks 

liquidfeed Farm had a liquid feeding 
system for the finishing 
pigs (Y/N) 

opnmouth Producer statement of if 
they have ever seen pigs 
open mouth breathing 
during loading (Y/N) 

Pigldppprmin1 Number of pigs loaded per 
person per minute was 
between 0-1.25 

down Producer statement of if 
they have ever seen pigs 
that are unable to rise 
during loading (Y/N) 

Pigldppprmin2 Number of pigs loaded per 
person per minute was 
between 1.26-2.25 

mixmpty As the finishing barn 
empties out, are pigs from 
different pens combined 
into one pen (Y/N) 

Pigldppprmin3 Number of pigs loaded per 
person per minute was 
greater than 2.25 

varshipday Had a variable shipping day 
each week as receiving day 
at abattoir was not standard 
(Y/N) 

Tatotme1 Pigs were tattooed as they 
are going on the truck 
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amship Loaded in the morning or 
afternoon 

tatotme2 Pigs were tattooed 1-5 
hours before shipping 

weightest Hogs are selected for 
shipping on visual 
estimation of weight by the 
producer (ie no scale) (Y/N) 

tatotme3 Pigs were tattooed 1-2 days 
before shipping. 

noshipd Average number of pigs 
shipped per week 

slope is the loading chute flat to 
the floor of the barn or is it 
a ramp (Y/N) 

noloads Number of loads per week 
shipped 

beatupov60 Producer estimate of 
percent of sudden death 
pigs found beat up was over 
60% (Y/N) 

offeedYN Pigs were taken off feed 
before shipping (Y/N) 

LVS/RVmC The median left ventricle 
plus septum over right 
ventricle weight for all 10 
hearts from a farm, 
classified as 1=2.7 or less, 
0=over 2.7 

Mvdfrmpen1 Number of pigs moved 
from the homepen to the 
loading area was between 5-
8 

endocrdperct The percent of hearts from 
a farm with the presence of 
thickened, nodular heart 
valves. 

Mvdfrmpen2 Number of pigs moved 
from the home pen to the 
loading area was between 9-
10 

Dilveslperct The percent of hearts from 
a farm with dilation of the 
aorta and/or pulmonary 
artery. 
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Mvdfrmpen2 Number of pigs moved 
from the homepen to the 
loading area was greater 
than 10 

RVTHWmC The median right ventricle 
weight over body weight 
for all 10 hearts from a 
farm, classified as 1 greater 
than 0.22, 0=0.22 or less 

Dilventperct The percent of hearts form a 
farm with dilation of the left 
or right ventricle. 

THW/BW Mean Total heart weight 
over body weight for all 10 
hearts from a farm 

RVBWmC The median right ventricle 
weight over body weight for 
all 10 hearts from a farm, 
classified as 1 greater than 
0.75, 0=0.75 or less 

holdSc A composite variable 
created from adding the 
total score for a farm of the 
categorized variables 
tattootime, holdtime, and 
continuous variable hours 
off feed (categorized as 
0=0, under 9 or over 12 
hrs=1, 9-12 hrs=2) 

Pathlesion The presence of any of the 
cardiac lesions (thick, 
nodular valves, dilated 
ventricles or dilated major 
vessels (Y/N) 

holdScC Holding score categorized 
into a score of 4 or less 
(more exertion)=0 and a 
score of 5 or 6 (less 
exertion)=1 
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Appendix VIII Supplementary materials for Chapter Six 

Sample size calculation for number of hearts to examine from the processing line 

Goal-to calculate a sample size that will accurately provide an estimate of the proportion of 

hearts from the Conestoga processing line that are grossly affected with hypertrophy of the left 

and/or right ventricles.  Will also be used as one of the explanatory variables when looking at on-

farm risk factors affecting rates of DOAs. 

n=(z)2(pq)  z=1.96 @ 95% confidence, p=estimated prevalence for the population,           

     (me)2  me=allowable error/margin of error 

   Q=1-P 

*Formula from page 41 of Veterinary Epidemiologic Research, 1st edition, 2003, Dahoo et al. 

From various papers, the prevalence of any heart lesions on swine processing lines: 

 2011 Austrian paper stating 3% pericarditis found 

 2013 Danish paper stating 9% heart abnormalities (wrote the author and this is really just 

pericarditis) 

 From our own study using the control hearts examined to date, 11% (7/62) control hearts 

from Abattoir A’s hogs had gross hypertrophy of the ventricles. One heart from 62 

different farms was randomly selected off the processing line and examined. 
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 From our own study using the control hearts examined to date, 17% (7/41) control hearts 

from Abattoir B’s hogs had gross hypertrophy of the ventricles. One heart from 41 

different farms was randomly selected off the processing line and examined. 

Selecting 11% as the estimated population prevalence that is most representative and using a 5% 

margin of error the sample size is 150 hearts. 

n=(3.8416)(.11)(.89)   = 150 

            (.0025) 

Assuming that the prevalence of heart lesions may cluster within a farm there is a need to 

account for clustering in the sample size calculation.  The formula to account for clustering from 

Veterinary epidemiologic research (2003) pg 44 is below. 

n’=n(1+p (m-1)        n’=sample size adjusted for clustering, n=original sample size,  

p=intra-cluster correlation coefficient, m=# of animals sampled 

per herd 

n’=150(1+0.1(10-1)=285 hearts  using 10 hearts per farm from 29 farms 

n’=150(1+0.1(15-1)=360 hearts using 15 hearts per farm from 24 farms 
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Appendix IX  Supplementary materials for Chapter Six 

Mean and range of cardiac heart weights (total heart weight [THW], left ventricle plus septum [LV+S], right ventricle [RV], body 

weight [BW]) and heart weight ratios (total heart weight/body weight [THWBW], left ventricle plus septum/total heart weight 

[LVTHW], right ventricle/total heart weight [RVTHW], left ventricle plus septum/ body weight [LVBW], right ventricle/body weight 

[RVBW], left ventricle + septum/ right ventricle [LVRV] by farm.  

Farm Value THW LV+S RV BW THWBW LVTHW RVTHW LVBW RVBW LVRV 

1 mean 413.20 245.70 101.79 117.54 3.52 0.59 0.25 2.09 0.87 2.44 

 

max 522.17 295.88 142.00 117.54 4.44 0.64 0.28 2.52 1.21 2.91 

 

min 320.68 186.58   75.00 117.54 2.73 0.54 0.21 1.59 0.64 1.89 
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 SD   56.15 36.33 17.65    0.00 0.48 0.03 0.02 0.31 0.15 0.32 

 median 414.06 247.63 100.29 117.54 3.52 0.59 0.24 2.11 0.85 2.45 

2 mean 400.35 257.10 92.76 125.77 3.18 0.64 0.23 2.04 0.74 2.80 

 

max 453.16 283.73 121.53 125.77 3.60 0.73 0.27 2.26 0.97 3.19 

 

min 343.68 215.62 76.96 125.77 2.73 0.60 0.20 1.71 0.61 2.26 

 SD 31.34 21.87 13.31    0.00 0.25 0.04 0.02 0.17 0.11 0.30 

 median 395.87 257.95 91.92 125.77 3.15 0.64 0.23 2.05 0.73 2.80 
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3 mean 415.93 265.76 96.85 130.99 3.18 0.64 0.23 2.03 0.74 2.75 

 

max 581.94 394.77 125.34 130.99 4.44 0.68 0.26 3.01 0.96 3.15 

 

min 330.96 207.82 77.20 130.99 2.53 0.61 0.22 1.59 0.59 2.33 

 SD 72.11 50.67 16.29   0.00 0.55 0.02 0.01 0.39 0.12 0.20 

 median 399.61 259.19 93.38 130.99 3.05 0.63 0.23 1.98 0.71 2.75 

4 mean 410.46 250.47 94.01 129.97 3.16 0.61 0.23 1.93 0.72 2.68 

 

max 495.59 273.37 113.19 129.97 3.81 0.65 0.25 2.10 0.87 2.88 
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min 360.37 224.06 82.47 129.97 2.77 0.53 0.20 1.72 0.63 2.23 

 SD 43.25 15.52  9.00    0.00 0.33 0.04 0.01 0.12 0.07 0.18 

 median 404.08 251.80 95.02 129.97 3.11 0.63 0.23 1.94 0.73 2.69 

5 mean 399.04 261.48 85.64 130.63 3.05 0.66 0.21 2.00 0.66 3.09 

 

max 494.57 301.28 101.38 130.63 3.79 0.70 0.25 2.31 0.78 3.53 

 

min 344.54 233.48 68.25 130.63 2.64 0.61 0.19 1.79 0.52 2.47 

 SD 49.81 25.64 12.83    0.00 0.38 0.03 0.02 0.20 0.10 0.36 
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 median 392.90 255.59 85.14 130.63 3.01 0.67 0.21 1.96 0.65 3.17 

6 mean 402.41 244.77 90.68 119.61 3.36 0.61 0.23 2.05 0.76 2.70 

 

max 516.25 319.25 112.56 119.61 4.32 0.65 0.26 2.67 0.94 2.85 

 

min 360.77 212.55 78.75 119.61 3.02 0.56 0.20 1.78 0.66 2.24 

 SD 48.20 33.79 10.39 0.00 0.40 0.03 0.02 0.28 0.09 0.20 

 median 392.80 242.64 89.89 119.61 3.28 0.62 0.22 2.03 0.75 2.74 

7 mean 435.12 263.56 97.11 122.85 3.54 0.61 0.22 2.15 0.79 2.71 
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max 492.11 295.47 105.49 122.85 4.01 0.66 0.24 2.41 0.86 2.87 

 

min 356.34 217.42 80.11 122.85 2.90 0.58 0.21 1.77 0.65 2.53 

 SD 43.67 28.92 8.53 0.00 0.36 0.03 0.01 0.24 0.07 0.13 

 median 440.12 271.00 101.52 122.85 3.58 0.60 0.22 2.21 0.83 2.71 

8 mean 399.35 245.46 100.41 124.38 3.21 0.62 0.25 1.97 0.81 2.48 

 

max 437.80 262.60 118.23 124.38 3.52 0.68 0.29 2.11 0.95 3.31 

 

min 355.60 220.88 74.53 124.38 2.86 0.54 0.20 1.78 0.60 2.06 



 

 

241 

 

 SD 30.45 14.56 13.20    0.00 0.24 0.04 0.02 0.12 0.11 0.37 

 median 401.25 248.76 103.12 124.38 3.23 0.61 0.25 2.00 0.83 2.40 

9 mean 450.24 275.64 99.14 127.77 3.52 0.61 0.22 2.16 0.78 2.79 

 

max 539.35 345.32 118.65 127.77 4.22 0.64 0.26 2.70 0.93 3.25 

 

min 382.47 234.02 83.96 127.77 2.99 0.59 0.20 1.83 0.66 2.32 

 SD 51.86 34.72 11.62 0.00 0.41 0.02 0.02 0.27 0.09 0.27 

 median 456.16 274.62 97.18 127.77 3.57 0.61 0.22 2.15 0.76 2.84 



 

 

242 

 

10 mean 398.06 256.65 93.27 126.75 3.14 0.65 0.23 2.02 0.74 2.75 

 

max 419.75 275.92 101.87 126.75 3.31 0.68 0.26 2.18 0.80 2.99 

 

min 381.56 246.99 87.71 126.75 3.01 0.62 0.21 1.95 0.69 2.47 

 SD   13.42     8.72 5.34 0.00 0.11 0.02 0.01 0.07 0.04 0.17 

 median 397.40 253.10 92.36 126.75 3.14 0.65 0.23 2.00 0.73 2.79 

11 mean 389.19 251.16 83.77 120.49 3.23 0.65 0.21 2.08 0.70 3.05 

 

max 449.98 298.16 97.58 120.49 3.73 0.68 0.25 2.47 0.81 3.80 



 

 

243 

 

 

min 320.76 213.01 57.30 120.49 2.66 0.59 0.18 1.77 0.48 2.50 

 SD 33.09 23.82 12.54 0.00 0.27 0.03 0.02 0.20 0.10 0.43 

 median 391.31 247.98 85.26 120.49 3.25 0.66 0.22 2.06 0.71 3.04 

12 mean 397.66 235.11 89.70 126.04 3.15 0.59 0.23 1.87 0.71 2.65 

 

max 499.63 284.88 125.30 126.04 3.96 0.63 0.25 2.26 0.99 3.03 

 

min 342.55 205.78 71.42 126.04 2.72 0.56 0.19 1.63 0.57 2.27 

 SD 43.95 21.48 14.74     0.00 0.35 0.03 0.02 0.17 0.12 0.28 



 

 

244 

 

 median 402.46 230.72 88.60 126.04 3.19 0.59 0.23 1.83 0.70 2.63 

13 mean 396.95 252.37 87.00 126.38 3.14 0.64 0.22 2.00 0.69 2.90 

 

max 584.40 364.90 111.70 126.38 4.62 0.66 0.24 2.89 0.88 3.27 

 

min 321.03 203.75 67.30 126.38 2.54 0.62 0.19 1.61 0.53 2.59 

 SD 79.61 48.15 13.01    0.00 0.63 0.01 0.02 0.38 0.10 0.25 

 median 371.79 233.56 87.96 126.38 2.94 0.63 0.22 1.85 0.70 2.92 

14 mean 408.33 260.62 96.00 127.13 3.21 0.64 0.24 2.05 0.76 2.73 



 

 

245 

 

 

max 487.68 326.13 112.78 127.13 3.84 0.67 0.27 2.57 0.89 3.27 

 

min 362.84 226.64 82.30 127.13 2.85 0.61 0.20 1.78 0.65 2.32 

 SD 38.02 28.22 10.92    0.00 0.30 0.02 0.02 0.22 0.09 0.29 

 median 393.20 255.20 92.87 127.13 3.09 0.63 0.23 2.01 0.73 2.74 

15 mean 399.04 243.47 89.73 126.26 3.16 0.61 0.23 1.93 0.71 2.72 

 

max 449.60 280.25 102.27 126.26 3.56 0.64 0.24 2.22 0.81 3.11 

 

min 363.60 218.22 78.68 126.26 2.88 0.58 0.20 1.73 0.62 2.40 



 

 

246 

 

 SD 29.05 18.54   6.09    0.00 0.23 0.02 0.01 0.15 0.05 0.20 

 median 399.68 238.81 89.60 126.26 3.17 0.61 0.23 1.89 0.71 2.71 

16 mean 379.79 234.90 85.46 129.23 2.94 0.62 0.22 1.82 0.66 2.80 

 

max 434.57 269.66 110.90 129.23 3.36 0.68 0.27 2.09 0.86 3.38 

 

min 344.62 210.24 70.43 129.23 2.67 0.56 0.19 1.63 0.54 2.12 

 SD 34.18 18.40 13.52    0.00 0.26 0.04 0.03 0.14 0.10 0.39 

 median 369.92 234.72 84.20 129.23 2.86 0.63 0.22 1.82 0.65 2.93 



 

 

247 

 

17 mean 362.21 227.98 82.88 113.12 3.20 0.63 0.23 2.02 0.73 2.76 

 

max 410.92 257.20 97.62 113.12 3.63 0.65 0.27 2.27 0.86 3.04 

 

min 313.76 197.06 67.74 113.12 2.77 0.61 0.21 1.74 0.60 2.29 

 SD 35.60 22.75   9.39    0.00 0.31 0.01 0.02 0.20 0.08 0.25 

 Median 367.66 232.38 85.70 113.12 3.25 0.63 0.23 2.05 0.76 2.80 

18 mean 411.35 250.94 91.65 134.31 3.06 0.61 0.22 1.87 0.68 2.75 

 

max 483.62 302.81 99.64 134.31 3.60 0.65 0.26 2.25 0.74 3.25 



 

 

248 

 

 

min 359.93 203.67 82.44 134.31 2.68 0.56 0.19 1.52 0.61 2.37 

 SD 43.36 28.19 6.71    0.00  0.32 0.03 0.02  0.21 0.05  0.32 

 median 407.59 244.81 92.82 134.31  3.03 0.61 0.23  1.82 0.69  2.73 

19 mean 439.27 260.85 96.93 131.67 3.34 0.60 0.22 1.98 0.74 2.71 

 

max 604.32 309.75 126.98 131.67 4.59 0.66 0.26 2.35 0.96 3.32 

 

min 343.98 213.96 82.05 131.67 2.61 0.51 0.17 1.62 0.62 2.20 

 SD 64.14 26.97 12.74    0.00 0.49 0.04 0.02 0.20 0.10 0.30 



 

 

249 

 

 median 435.22 254.03 93.63 131.67 3.31 0.60 0.23 1.93 0.71 2.68 

20 mean 411.97 247.15 98.02 115.26 3.57 0.60 0.24 2.14 0.85 2.52 

 

max 519.18 325.52 120.74 115.26 4.50 0.63 0.25 2.82 1.05 2.74 

 

min 364.18 216.94 81.77 115.26 3.16 0.58 0.22 1.88 0.71 2.31 

 SD 48.87   34.72 11.66    0.00 0.42 0.02 0.01 0.30 0.10 0.15 

 median 401.06 236.45 97.13 115.26 3.48 0.59 0.24 2.05 0.84 2.53 

21 mean 383.11 232.10 91.88 120.88 3.17 0.62 0.24 1.92 0.76 2.57 



 

 

250 

 

 

max 520.08 280.71 119.68 120.88 4.30 0.69 0.31 2.32 0.99 3.19 

 

min 323.90 196.46 76.03 120.88 2.68 0.38 0.15 1.63 0.63 1.91 

 SD  54.92 25.08 14.64  0.00 0.45 0.09 0.05 0.21 0.12 0.42 

 median 375.12 228.77 88.35 120.88 3.10 0.63 0.25 1.89 0.73 2.55 

22 mean 423.74 260.13 95.26 125.98 3.36 0.61 0.22 2.06 0.76 2.73 

 

max 545.71 361.59 124.90 125.98 4.33 0.66 0.24 2.87 0.99 3.00 

 

min 362.36 213.01  80.03 125.98 2.88 0.58 0.21 1.69 0.64 2.46 



 

 

251 

 

 SD   58.65 42.40  14.12    0.00 0.47 0.03 0.01 0.34 0.11 0.17 

 median 410.14 254.89 89.33 125.98 3.26 0.61 0.22 2.02 0.71 2.73 

23 mean 449.78 269.81 104.44 125.07 3.60 0.60 0.23 2.16 0.84 2.60 

 

max 384.09 224.35 89.98 125.07 3.07 0.54 0.21 1.79 0.72 2.09 

 

min 512.17 316.54 135.39 125.07 4.10 0.66 0.26 2.53 1.08 3.04 

 SD 43.39 27.47 14.02  0.00 0.35 0.04 0.02 0.22 0.11 0.28 

 median 439.41 269.65 103.72 125.07 3.51 0.61 0.23 2.16 0.83 2.59 



 

 

252 

 

24 mean 375.79 237.86   87.21 122.88 3.06 0.63 0.23 1.94 0.71 2.74 

 

max 463.69 292.90 116.60 122.88 3.77 0.67 0.25 2.38 0.95 3.24 

 

min 310.61 188.90   74.39 122.88 2.53 0.60 0.21 1.54 0.61 2.44 

 SD 45.60 30.29 12.55   0.00 0.37 0.02 0.02 0.25 0.10 0.25 

 median 368.11 233.10 83.57 122.88 3.00 0.64 0.24 1.90 0.68 2.74 

25 mean 437.53 266.45 102.37 127.64 3.43 0.61 0.23 2.09 0.80 2.64 

 

max 496.66 307.81 123.15 127.64 3.89 0.67 0.26 2.41 0.96 3.08 



 

 

253 

 

 

min 370.10 238.39   81.69 127.64 2.90 0.53 0.21 1.87 0.64 2.06 

 SD 39.75  19.81 14.12   0.00 0.31 0.04 0.02 0.16 0.11 0.31 

 median 440.09 266.40 102.84 127.64 3.45 0.62 0.23 2.09 0.81 2.66 

26 mean 403.11 250.24   93.42 122.85 3.28 0.62 0.23 2.04 0.76 2.70 

 

max 474.14 296.18 110.97 122.85 3.86 0.66 0.25 2.41 0.90 3.08 

 

min 322.38 213.02   77.13 122.85 2.62 0.57 0.21 1.73 0.63 2.32 

 SD  46.69  22.52  11.69    0.00 0.38 0.03 0.01 0.18 0.10 0.23 



 

 

254 

 

 median 398.89 253.54   97.82 122.85 3.25 0.63 0.23 2.06 0.80 2.67 

27 mean 395.74 246.05   96.16 120.54 3.28 0.62 0.24 2.04 0.80 2.64 

 

max 451.40 289.03 137.27 120.54 3.74 0.67 0.33 2.40 1.14 3.82 

 

min 318.74 191.65   69.82 120.54 2.64 0.54 0.17 1.59 0.58 1.66 

 SD 38.75 28.31   18.86      0.00 0.32 0.04 0.04 0.23 0.16 0.54 

 median 399.07 249.10 96.26 120.54 3.31 0.64 0.24 2.07 0.80 2.64 

28 mean 414.70 257.65   95.44 126.70 3.27 0.62 0.23 2.03 0.75 2.72 



 

 

255 

 

 

max 440.80 275.58 110.97 126.70 3.48 0.65 0.26 2.18 0.88 3.21 

 

min 391.64 241.98   79.78 126.70 3.09 0.58 0.20 1.91 0.63 2.40 

 SD  17.94  11.92   9.59    0.00 0.14 0.02 0.02 0.09 0.08 0.29 

 median 413.58 256.31  96.05 126.70 3.26 0.62 0.23 2.02 0.76 2.65 

29 mean 402.22 248.48   85.33 127.64 3.15 0.62 0.21 1.95 0.67 2.94 

 

max 454.77 296.76   97.68 127.64 3.56 0.65 0.24 2.32 0.77 3.85 

 

min 334.79 212.91   75.94 127.64 2.62 0.55 0.17 1.67 0.59 2.30 



 

 

256 

 

 SD  35.63  25.92     8.22   0.00 0.28 0.03 0.02 0.20 0.06 0.48 

 median 408.05 246.46 85.92 127.64 3.20 0.64 0.22 1.93 0.67 2.84 

30 mean 394.72 238.42   91.16 122.93 3.21 0.60 0.23 1.94 0.74 2.63 

 

max 435.02 273.02 107.57 122.93 3.54 0.67 0.26 2.22 0.88 3.29 

 

min 337.55 207.62   80.16 122.93 2.75 0.55 0.19 1.69 0.65 2.18 

 SD 31.69  20.42    8.17   0.00 0.26 0.04 0.02 0.17 0.07  0.32 

 median 396.35 237.15 89.95 122.93 3.22 0.61 0.23 1.93 0.73  2.62 

 


