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INTRODUCTION 

Ossabaw swine were deposited on Ossabaw Island, GA, in the 1500s by Spanish explorers (Mayer 
and Brisbin, Jr., 1991) and, since then, the ocean has remained an impenetrable barrier to 
emigration of Ossabaw pigs to the mainland. Natural models of disease that arise from adaptation 
of animals to unique selection pressures can give insights into similar complex, multifactorial 
diseases in humans. Ossabaw miniature swine may recapitulate the natural pathogenesis of type 2 
diabetes because of their “thrifty genotype” that enabled survival in the feast and famine ecology 
of Ossabaw Island. The thrifty genotype hypothesis is that in the hunter-gatherer stages of human 
development the ability to store excess fat enabled survival during periods of famine (Neel, 1962). 

In the 1970s and early 1980s, Ossabaw miniature swine were studied by ecologists for their 
unique adaptations in their natural habitat on Ossabaw Island (Mayer and Brisbin, Jr., 1991; 
Stribling et al., 1984) and, after establishment of colonies on the mainland, Ossabaws were studied 
by animal scientists for their propensity to obesity (Buhlinger et al., 1978; Martin et al., 1973; 
Martin and Herbein, 1976; Weiss et al., 1974), insulin resistance (Wangsness et al., 1977), plasma 
lipoproteins (Etherton and Kris-Etherton, 1980), and renal physiology (Zervanos et al., 1983). 

Renewed interest in Ossabaw miniature swine was sparked in 2001 with the realization of the 
obesity and diabetes epidemic (Bellenger et al., 2006; Mokdad et al., 2001) and Brisbin’s timely 
appeal to the scientific community to save feral Ossabaw Island swine from eradication by the 
Georgia Department of Natural Resources for environmental reasons (Brisbin and Mayer, 2001). 
Our laboratory obtained animals from the island in an expedition in 2002 and established a 
breeding colony at Indiana University. We have conducted studies involving obesity,  metabolic 
syndrome, and diabetes and have made comparisons to the Yucatan miniature swine model 
(Boullion et al., 2003; Dixon et al., 1999, 2002; Edwards et al., 2006; Hainsworth et al., 2002; 
Kaser et al., 2004; Lloyd et al., 2006; Mokelke et al., 2003, 2005a, 2005b; Sheehy et al., 2006; 
Sturek et al., 2006; Witczak et al., 2004, 2005; Zafar et al., 2004).  

The natural pathogenesis of type 2 diabetes involves a tendency to obesity with gradually 
increasing impairment of insulin action in a “prediabetes” condition, which has also been termed 
the metabolic syndrome or cardiometabolic risk (Eckel et al., 2005, 2006; Grundy et al., 2005; 
Kahn et al., 2005). In later stages, there is a significant increase in fasting blood glucose, which 
defines diabetes. Intensive research is under way to meet the need for animal models to understand 
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these comorbidities and develop therapies. The metabolic syndrome Ossabaw pig could be an 
outstanding large animal model. Strategies involving transgenic manipulations in other species 
and other breeds of minipigs are under development.  

The metabolic syndrome in humans is actually a cluster of risk factors that includes (1) central 
(intra-abdominal) obesity, (2) insulin resistance, (3) impaired glucose tolerance, (4) dyslipidemia 
as measured by decreased plasma high-density lipoprotein (HDL) cholesterol compared to low-
density lipoprotein (LDL), i.e., increased LDL/HDL ratio, (5) dyslipidemia as shown by increased 
plasma triglyceride, and (6) hypertension (Eckel et al., 2005; Ford et al., 2004; Grundy et al., 
2004; McGill, Jr. et al., 2002). Although the definition and precise clinical utility have recently 
been controversial (Kahn et al., 2005), generally the presence of three of these characteristics 
renders a diagnosis of the cardiometabolic syndrome (Eckel et al., 2006; Grundy et al., 2004). 

CHARACTERIZATION OF THE MODEL 

The most critical question regarding the use of Ossabaw miniature swine was: Did removals from 
Ossabaw Island in 2002 have the thrifty genotype characteristics, i.e., “metabolic syndrome,” 
found in the early characterization during ~1970–1985? Data collected to study these 
characteristics definitively confirm the early data, thus providing a rationale for more 
cardiovascular characterization, which was not performed in the early studies. The attached DVD 
includes experimental methods and images of metabolic syndrome (e.g. glucose tolerance) and 
cardiovascular characterization. The main criterion for the use of the Ossabaw miniature swine is 
the natural occurrence of metabolic syndrome and progression to type 2 diabetes with concomitant 
cardiovascular disease, which is unique to the Ossabaw. We further emphasize and highlight that 
the miniature size (~30 kg) of the Ossabaw at sexual maturity provides another advantage for 
husbandry and for study of sex differences in metabolic syndrome, type 2 diabetes, cardiovascular 
disease, etc. Although outstanding work shows that a line of crossbred domestic pigs with familial 
hypercholesterolemia will develop MetS (Bellinger et al., 2006), use of the standard sized 
domestic swine is not practical because they weigh >250 kg and are 2 years of age before 
metabolic syndrome occurs. Thus, in addition to the metabolic characteristics of Ossabaw 
miniature swine, the relatively small stature (30-80 kg) of Ossabaw pigs is essential (Dyson et al., 
2006; Edwards et al., 2008; Langohr et al., 2008; Lloyd et al., 2008; Mattern et al., 2007).   
 Table 18.1 compares the major features of metabolic syndrome (items 1-6) present (Yes) 
or not (No) in Yucatan vs. Ossabaw miniature swine and their utility as cardiovascular disease 
models (item 7). The Yucatan is our comparison because of our extensive, ~25 years of work with 
this genetically leaner pig that is the predominantly used miniature swine for laboratory research; 
however, almost any other pig has characteristics of the Yucatan pig. We provide mainly the 
summary message here and leave detailed descriptions of our methods and experimental designs 
to the literature citations and the figures in the attached DVD. Ossabaws clearly show greater 
propensity to obesity than Yucatans and direct measures show a greater accumulation of visceral 
fat on rigorously controlled experimental diets. Despite intensive efforts to induce insulin 
resistance and glucose intolerance in Yucatan swine on high fat, high cholesterol, and high sucrose 
diets, we were not able to reproduce the findings of Phillips and colleagues were nearly 25 years 
ago (Panepinto et al., 1982; Phillips et al., 1982a; Phillips et al., 1982b). We emphasize that 
currently available lines of Yucatans do not naturally develop obesity-associated insulin resistance 
(Otis et al., 2003). In contrast, Ossabaw swine fed a high calorie diet display a natural 
pathogenesis of all metabolic syndrome characteristics. Other miniature swine breeds currently 
available for laboratory animal medicine, e.g. Yucatan and Gottingen, also do not progress to type 
2 diabetes (e.g. Larsen et al., 2007; Otis et al., 2003; Phillips et al., 1982a). Gottingen pigs (Larsen 
et al., 2002; Larsen et al., 2005; Larsen et al., 2007; Larsen et al., 2006), however, will develop 
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mild metabolic syndrome. Published data and those on the DVD show that Ossabaw pigs with 
metabolic syndrome have vascular calcification and extreme coronary atheroma (Table 18.1, item 
7), thus it is feasible to stent natural atherosclerotic lesions, not balloon-injured healthy arteries 
(e.g. Edwards et al., 2008; Gal and Isner, 1992; Johnson et al., 1999; Lowe et al., 2003; Schwartz 
and Edelman, 2002; Touchard and Schwartz, 2006).  

 
TABLE 18.1 
Comparison of metabolic syndrome (items 1-6) in Yucatan and Ossabaw miniature swine 
and utility as cardiovascular disease model (item 7)  

Characteristic Yucatan Ossabaw Reference 
1.  Obesity No Oss>Yuc (Bell et al., 2010; Bender et al., 2009; Berwick et al., 

2012; Berwick et al., 2013; Bonin et al., 2012; Boullion et 
al., 2003; Bratz et al., 2008; Clark et al., 2011; Dincer, 
2011; Dyson et al., 2006; Edwards et al., 2010; Elmadhun 
et al., 2014a; Elmadhun et al., 2013; Faris et al., 2012; 
Flum et al., 2007; Hamamdzic and Wilensky2013; Handa 
et al., 2014a; Handa et al., 2014b; Handa et al., 2014c; 
Hanhineva et al., 2013; Kreutz et al., 2011; Lassaletta et 
al., 2012; Lee et al., 2009; Li et al., 2012; Li et al., 2011; 
McKenney et al., 2014; Moberly et al., 2013; Neeb et al., 
2010; Newell-Fugate et al., 2014; Owen et al., 2013; 
Padilla et al., 2013; Payne et al., 2010; Pedersen et al., 
2012; Rodgaard et al., 2013; Sabe et al., 2014b; Sham et 
al., 2014; Sturek et al., 2007; Talbott et al., 2006; 
Toedebusch et al., 2014; Trasino et al., 2013; Trask et al., 
2012; Wastney et al., 2013; Witczak et al., 2005; Zhang et 
al., 2013) 

2.  Insulin 
resistance 

No Yes (Bell et al., 2010; Dincer, 2011; Dyson et al., 2006; 
Edwards et al., 2010; Elmadhun et al., 2013; Faris et al., 
2012; Fullenkamp et al., 2011; Habegger et al., 2012; 
Handa et al., 2014a; Handa et al., 2014b; Handa et al., 
2014c; Kreutz et al., 2011; Lassaletta et al., 2012; Lee et 
al., 2009; Li et al., 2012; Li et al., 2011; McKenney et al., 
2014; Neeb et al., 2010; Newell-Fugate et al., 2014; Otis 
et al., 2003; Padilla et al., 2013; Pedersen et al., 2012; 
Potu et al., 2013; Sham et al., 2014; Trask et al., 2012; 
Witczak and Sturek2004; Zhang et al., 2013) 

3.  Glucose 
intolerance 
(or impaired 
glucose 
tolerance, 
[IGT]) 

No Yes (Bell et al., 2010; Bender et al., 2009; Berwick et al., 
2013; Boullion et al., 2003; Bratz et al., 2008; Dincer, 
2011; Dixon et al., 2002; Dyson et al., 2006; Edwards et 
al., 2010; Elmadhun et al., 2014a; Faris et al., 2012; 
Fullenkamp et al., 2011; Handa et al., 2014a; Handa et al., 
2014b; Handa et al., 2014c; Hanhineva et al., 2013; 
Kreutz et al., 2011; Lassaletta et al., 2012; Lee et al., 
2009; Li et al., 2012; McKenney et al., 2014; Mokelke et 
al., 2003; Neeb et al., 2010; Newell-Fugate et al., 2014; 
Otis et al., 2003; Payne et al., 2010; Potu et al., 2013; 
Sabe et al., 2014b; Sham et al., 2014; Trask et al., 2012; 
Witczak et al., 2005; Witczak et al., 2006; Witczak and 
Sturek2004) 

4.  Dyslipidemia 
(↑LDL/HDL) 

Yes Yes (Bell et al., 2010; Berwick et al., 2012; Berwick et al., 
2013; Bratz et al., 2008; Clark et al., 2011; Dixon et al., 
2002; Dyson et al., 2006; Edwards et al., 2010; 
Fullenkamp et al., 2011; Hanhineva et al., 2013; Kreutz et 
al., 2011; Lassaletta et al., 2012; Lee et al., 2003; Lee et 
al., 2009; Li et al., 2011; Long et al., 2010a; Long et al., 
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2010b; McKenney et al., 2014; Moberly et al., 2013; 
Neeb et al., 2010; Owen et al., 2013; Padilla et al., 2013; 
Potu et al., 2013; Rector et al., 2003; Trasino et al., 2013; 
Trask et al., 2012; Witczak et al., 2006; Zhang et al., 
2013) 

5.  Dyslipidemia 
(↑ triglycerides) 

No Yes (Bell et al., 2010; Bratz et al., 2008; Clark et al., 2011; 
Dincer, 2011; Dixon et al., 2002; Dyson et al., 2006; 
Edwards et al., 2010; Fullenkamp et al., 2011; Handa et 
al., 2014a; Hill et al., 2003; Kreutz et al., 2011; Lassaletta 
et al., 2012; Lee et al., 2009; Long et al., 2010a; 
McKenney et al., 2014; Moberly et al., 2013; Mokelke et 
al., 2003; Newell-Fugate et al., 2014; Payne et al., 2010; 
Potu et al., 2013; Rector et al., 2003; Trask et al., 2012; 
Witczak et al., 2005; Witczak and Sturek2004; Zhang et 
al., 2013) 

6.  Hypertension  No Yes (Berwick et al., 2012; Berwick et al., 2013; Bratz et al., 
2008; Dincer, 2011; Dyson et al., 2006; Edwards et al., 
2010; Elmadhun et al., 2014a; Faris et al., 2012; Handa et 
al., 2014c; Kreutz et al., 2011; Lassaletta et al., 2012; Lee 
et al., 2009; McKenney et al., 2014; Moberly et al., 2013; 
Otis et al., 2003; Payne et al., 2010; Trask et al., 2012; 
Zhang et al., 2013) 

7. Cardiovascular 
disease, 
atherosclerosis  

Yes Yes (Bender et al., 2009; Borbouse et al., 2009; Borbouse et 
al., 2010a; Borbouse et al., 2010b; Bratz et al., 2008; 
Chen et al., 2011; Dincer, 2011; Dixon et al., 2002; Dyson 
et al., 2006; Edwards et al., 2008; Edwards et al., 2010; 
Hainsworth et al., 2002; Korte et al., 2005; Langohr et al., 
2008; Le et al., 2007; Lee et al., 2003; Lloyd et al., 2008; 
Long et al., 2010a; Mokelke et al., 2003; Mokelke et al., 
2005; Neeb et al., 2010; Payne et al., 2010; Sturek, 2011; 
Turk et al., 2003; Wamhoff et al., 2002; Wang et al., 
2008; Wang et al., 2009; Wang et al., 2013a; Ziegler et 
al., 2010) (Berwick et al., 2012; Berwick et al., 2013; 
Elmadhun et al., 2014a; Elmadhun et al., 2012; Elmadhun 
et al., 2014b; Hamamdzic and Wilensky2013; Handa et 
al., 2014b; Handa et al., 2014c; Huo et al., 2013; Kreutz et 
al., 2011; Lassaletta et al., 2012; Li et al., 2012; Li et al., 
2011; Long et al., 2010b; McKenney et al., 2014; 
McKenney et al., 2015; Moberly et al., 2013; Owen et al., 
2013; Paderi et al., 2011; Sabe et al., 2014a; Sabe et al., 
2014b; Scott et al., 2013; Spence and Weaver2013; Trask 
et al., 2012; Wang et al., 2011a; Wang et al., 2011b; 
Wang et al., 2012; Wang et al., 2013b; Wastney et al., 
2013; Zhang et al., 2013) 

 
 A very important message about Ossabaw miniature swine is the nearly ideal opportunity 
for achieving integration and translation to human clinical medicine. The need for a large animal, 
i.e. swine, model of the metabolic syndrome, instead of rodent models, was reinforced poignantly 
by European Union funded RETHINK project addressing the need for large animal research 
(Dolgin, 2010) and other position statements and initiatives to increase large animal research 
(Arner, 2005; Schwartz Longacre et al., 2011; Sipido et al., 2009). Despite the significant 
advances in mouse models that have been facilitated by the Animal Models for Diabetic 
Cardiovascular Complications (AMDCC) (Hsueh et al., 2007),  it is our opinion and others (Seok 
et al., 2013) that the use of animal models in translational research requires large, more human-
like animal models such as swine to be complete.  
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Genetic studies were performed on a repeating domain in the regulatory γ 3 subunit of the 

AMP-activated kinase (PRKAG3) gene. Hampshire pigs display a single amino acid difference at 

position 200 where arginine is mutated to glutamine (Arg200→ Gln). This gain-of-function 

genotype is associated with high muscle glycogen, low intramuscular fat, and overall leanness 
(Andersson, 2003; Milan et al., 2000). In contrast, sequencing of the PRKAG3 gene in Ossabaw 

Island pigs revealed the majority to be homozygous for a different mutation, Val199→ Ile, while 

the remainder of the pigs were heterozygous for the Val199→ Ile mutation and the wild-type allele 

Val199–Arg200 (Lloyd et al., 2006). The Val199→ Ile mutation is associated with impairment of 

AMP kinase enzyme activity, low muscle glycogen, and increased intramuscular fat, consistent 
with the obese Ossabaw pig phenotype (Andersson, 2003; Ciobanu et al., 2001). Selective 
breeding created a distinct line of Ossabaw pigs that is homozygous for the wild-type AMP kinase 
allele (Chawla et al., 2013). Consistent with the pivotal role of AMP kinase in energy balance, the 
homozygous wild-type AMP kinase line tolerates myocardial ischemia substantially better than 

the homozygous Val199→ Ile mutation Ossabaw with impaired AMP kinase activity (Chawla et 

al., 2013). 
Table A.32–Table A.34 in the appendix make systematic comparison of serum chemistry data 

from trapped pigs on Ossabaw Island and data derived from Yucatan and Ossabaw pigs housed 
long term (1 year) in a biomedical research facility on standard pig chow. Pigs were anesthetized 
with isoflurane to obtain blood samples for the latter group compared to the caval blood sampling 
that employed physical restraint for the clinical chemistry from trapped Ossabaw. For both breeds 
in captivity housed in the biomedical facility the anion gap, potassium, total bilirubin, creatine 
kinase, and CO2 are normal compared to the trapped wild pigs, thus probably indicating a less 
stressful environment overall and less stressful blood sampling procedure. Notable differences are 
the increased triglycerides and glucose in Ossabaws compared to Yucatans, which reinforce the 
more extreme cardiometabolic risk factor profile of the Ossabaws. Another intriguing difference is 
the increased creatinine in Ossabaws, which suggests some mild renal impairment even under 
these controlled conditions. The decreased urea nitrogen is consistent with less muscle mass in the 
Ossabaw (Ezekwe and Martin, 1975; Hausman et al., 1983; Kasser et al., 1981) and argues against 
the increased creatinine being driven by possibly increased muscle mass in the Ossabaws. It is 
completely unknown whether the increased ability of the Ossabaw kidney to concentrate urine 
(Zervanos et al., 1983) for adaptation to high salt consumption renders it more susceptible to 
subsequent damage. Overall, there was no difference in hematology between Ossabaw and 
Yucatan pigs. The only striking value in both breeds is the low hematocrit of 27. This is explained 
entirely by the isoflurane anesthesia, as Ossabaws sampled in the conscious state had a hematocrit 
of 41.8 ± 2.6 (SD; N = 5), similar to conscious Yucatans in other studies. 

SUMMARY AND CONCLUSIONS 

Ossabaw swine were rediscovered as a valuable animal resource after the removal, in 2002, of 
feral swine from Ossabaw Island, following the first removal nearly 40 years ago. Ossabaw swine 
removed from the island must undergo a stringent quarantine to ensure health and absence of 
parasites and major infectious diseases. The pigs have thrived in captivity. The “thrifty genotype” 
has been maintained in captivity for almost 13 years and the analogy to modern day humans 
suggests that the genotype will continue to be maintained. Clearly, Ossabaw swine express the 
major components of the metabolic syndrome (“prediabetes,” “cardiometabolic risk”), including 
extreme obesity, insulin resistance, impaired glucose tolerance, dyslipidemia, and hypertension. 
Selective breeding has derived more general robust features of metabolic syndrome and distinct 
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lines of the AMP kinase genotypes. This chapter has provided an overview of the evidence for 
metabolic properties and methods of assessment and has contrasted the Ossabaw with the 
characteristics of more genetically lean Yucatan swine and domestic swine. Vascular studies 
provide detailed methods and characterization of vascular anatomy and functional properties. 
Unique vascular calcification and excessive stenosis after coronary stenting suggest predisposition 
to vascular disease and utility of the Ossabaw swine model. Exercise training of obese pigs is 
described. These findings echo the consensus that pigs in general and Ossabaw swine specifically 
are anatomically and metabolically similar to humans. The cardiovascular system is almost 
indistinguishable from that of humans and knowledge gained has much relevance to human 
medicine. Thus, the Ossabaw pig provides a unique animal resource to gain insight into multiple, 
complex factors involved in development of obesity, metabolic syndrome (pre-diabetes), and type 
2 diabetes in humans and the resulting morbidity and mortality from cardiovascular disease. It is 
hoped that the future will see more widespread availability and use of Ossabaw swine in 
biomedical research.  

Note: The attached DVD contains descriptions of methods, images, and video clips of 
various aspects of the study of the metabolic syndrome in Ossabaw Island minipigs 
(Figure 18.1–Figure 18.28). Complete figure legends are included with the images. The 
outlined titles as follows provide a guide to the illustrations on the DVD. 

Figure 18.1 — Ossabaw Island pig and environment.  
Figure 18.2 — Standard Ossabaw swine housing facility for biomedical research.  
Figure 18.3 — Growth and adipose composition of lean and obese male Ossabaw pigs 

housed in biomedical research facility.  
Figure 18.4 — Noninvasive imaging of adipose distribution in Ossabaw swine.  
Figure 18.5 — Measurement of glucose regulation and cardiovascular parameters in 

conscious pig.  
Figure 18.6 — Catheterization supplies and angiography equipment.  
Figure 18.7 — Hind limb arteries, ventrodorsal view. Includes video clips 18.1–18.6. 
Figure 18.8 — Hind limb, superficial femoral artery access for catheterization, and 

formation of collateral femoral arteries in ventrodorsal view. Includes video clips 18.7 
and 18.8.  

Figure 18.9 — Renal arteries in ventrodorsal view. Includes video clips 18.9 and 18.10. 
Figure 18.10 — Major abdominal arteries in ventrodorsal view. Includes video clips 18.11 

and 18.12.  
Figure 18.11 — Forelimb and thoracic arteries in ventrodorsal view. Includes video clips 

18.13 and 18.14. 
Figure 18.12 — Left carotid and cerebral arteries in ventrodorsal view. Includes video clips 

18.15 and 18.16. 
Figure 18.13 — Schematic of heart and major epicardial coronary arteries and 

interventional devices. 
Figure 18.14 — Heart and right coronary artery in ventral views. Includes video clips 

18.17–18.20.  
Figure 18.15 — Heart and left coronary arteries in ventral views. Includes video clips 

18.21–18.26. 
Figure 18.16 — Ventricular angiography and echocardiography. Includes video clip 18.27.  
Figure 18.17 — Two-dimensional and M-mode echocardiograms. Includes video clip 

18.28.  
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Figure 18.18 — Intravascular ultrasound (IVUS) of coronary arteries. Includes video clips 
18.29–18.32. 

Figure 18.19 — Transcutaneous femoral artery ultrasound. Includes video clip 18.33. 
Figure 18.20 — Coronary stent deployment in left anterior (ventral) descending coronary 

artery. Includes video clips 18.34–18.38.  
Figure 18.21 — Poststent stenosis of left anterior (ventral) descending coronary artery 4 

weeks after stent deployment. Includes video clips 18.39 and 18.40. 
Figure 18.22 — Coronary blood flow. Includes video clip 18.41.  
Figure 18.23 — Angiograms obtained 4 weeks after placement of ameroid occluder on 

circumflex coronary artery. Includes video clips 18.42 and 18.43.  
Figure 18.24 — Superimposed positron emission tomography (PET) and computed 

tomography (CT) images. 
Figure 18.25 — Positron emission tomography (PET) measurement of regional myocardial 

blood flow.  
Figure 18.26 — Coronary conduit artery histology.  
Figure 18.27 — Treadmill exercise protocol for obese Ossabaw pig before and after 

femoral artery ligation and coronary stent placement. Includes video clip 18.44.  
Figure 18.28 — Recordings of aortic pressure and coronary blood flow obtained from a 

conscious pig during rest and treadmill exercise. 
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APPENDIX 
 
Table A.9.  Feed composition and amount for normal growth of Ossabaw miniature swine  
Age 
(months) 

Feed Type Feed (g) kcal 

Up to 1-1.5 Typical Creep Feed or LabDiet Mini-Pig Starter #5080 Ad 
Libitum 

up to 
~920 

1.5 LabDiet Mini-Pig Grower #5L80 or Starter #5080 270 920 
2 Lab Diet Mini-Pig Grower #5L80 300 990 
3 Lab Diet Mini-Pig Grower #5L80 350 1155 
4 Lab Diet Mini-Pig Grower #5L80 400 1320 
5 Lab Diet Mini-Pig Grower #5L80 450 1485 
6 Lab Diet Mini-Pig Grower #5L80 500 1650 
7 Lab Diet Mini-Pig Grower #5L80 550 1815 
8 LabDiet Mini-pig Breeder #5082 or Mini-Pig Grower 

#5L80 
800 2400 

>8 LabDiet Mini-pig Breeder #5082 or Mini-Pig Grower 
#5L80 

~800 ~2400-
2700 

 

Table A.28.  Hematology for male, adult Yucatan and Ossabaw miniature swine 

 Yucatan Ossabaw 

 Mean SD Min Max Mean SD Min Max 

Erythrocytes (x106/mL) 4.4 0.2 4.0 4.7 4.8 0.5 4.2 5.4 

Hematocrit1 % 26.6 1.6 24.0 29.0 26.6 2.7 23.0 29.0 

Hemoglobin g/dL 9.2 0.7 8.1 10.3 9.2 1.1 7.8 10.2 
Mean corpuscular volume, 

MCV fL 60.7 2.2 58.0 64.0 55.7 1.3 54.0 57.0 
Mean Corpuscular Hemoglobin, 

MCH pg 21.1 1.1 19.9 22.6 19.1 0.6 18.6 20.0 
Mean Corpuscular Hemoglobin 

Concentration, MCHC g/dL 34.6 0.6 33.9 35.5 34.5 0.7 33.6 35.2 

Leukocytes (x103/mL) 8.2 1.4 6.5 10.7 10.5 2.2 8.0 13.8 

Semented Neutrophils (x103/mL) 3.43 0.88 2.48 4.92 4.32 1.58 2.68 6.90 

Banded Neutrophils2 (x103/mL) 0.09 0.02 0.08 0.11 0 0 0 0 

Lymphocytes (x103/mL) 4.54 0.91 3.49 6.08 5.29 1.07 3.29 6.21 

Monocytes (x103/mL) 0.29 0.17 0 0.50 0.79 0.44 0.37 1.40 

Eosinophils (x103/mL) 0.04 0.05 0 0.11 0.07 0.10 0 0.27 

Basophils (x103/mL) 0 0 0 0 0.11 0.20 0 0.40 

Platelets3 (x103/mL) 427.1 83.8 300 553 562.0 150.3 422.0 692.0 
N=7 per breed group, except were noted; age = ~12-15 mo.  1Hematocrit under anesthesia.  
2Undetectable in all Ossabaws; detectable in 3 Yucatans.  3N=4 Ossabaw.   
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Table A.29.  Clinical chemistry for male, adult trapped Ossabaw 
Island miniature swine 

Electrolytes Mean SD Min Max 

Anion Gap mmol/L 28.5 5.5 21 40 
Calcium mg/dL 9.6 1.3 7.5 11.5 
Chloride mmol/L 95.2 9.1 80.0 107.0

Magnesium mg/dL 2.8 0.6 2.1 4.5 
Phosphorus mg/dL 7.2 1.3 4.8 9.5 

Potassium mmol/L 7.3 1.2 4.8 9.6 

Sodium mmol/L 139.1 13.5 117 157 

Carbohydrate Metabolism         

Glucose mg/dL 136.5 75.4 82 436 

Liver Function   a) Hepatocellular         

Alkaline Phosphatase, ALP U/L 57.2 21.0 32.0 107.0

Aspartate Aminotranferase, AST U/L 51.2 20.0 25 92 
Gamma-Glutamyl Transferase, 

GGT U/L 59.0 9.6 42 77 

Liver Function  b) Hepatobiliary         

Unconjugated Bilirubin mg/dL 0.005 0.02 0 0.1 

Total Bilirubin mg/dL 0.27 0.16 0.1 0.6 

Kidney Function         
Creatinine mg/dL 1.8 0.4 1.1 2.7 

Urea Nitrogen mg/dL 8.2 2.4 4.0 13.0 

Others         
Albumin g/dL 3.6 0.6 2.7 4.6 
Globulin g/dL 3.8 0.4 3.1 4.6 

Albumin/Globulin Ratio   0.94 0.16 0.59 1.19 
Total Protein g/dL 7.4 0.8 6.0 9.0 

Creatine kinase U/L 1031 638 179 2112 
Total Cholesterol mg/dL 77.9 23.7 45 127 

Triglycerides mg/dL 33.2 13.2 18 74 

Total CO2 mmol/L 22.8 3.1 17 30 

Body Weight kg 46.7 11.9 29.1 73.6 

N=19; estimated age >9 mo. 
Mean, standard deviation (SD), and minimum (Min) and maximum (Max) values and 
units of measure are provided.   
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Table A.30.  Clinical chemistry for male, adult Yucatan and Ossabaw miniature swine 

 Yucatan Ossabaw 

Electrolytes Mean SD Min Max Mean SD Min Max 

Anion Gap mmol/L 10.9 2.1 6.6 13.0 9.7 2.4 6.0 12.0 
Calcium mg/dL 10.0 0.44 9.5 10.6 10.0 0.18 9.8 10.2 
Chloride mmol/L 101.1 2.12 99.0 105.0 100.4 1.4 98.0 102.0 

Magnesium mg/dL 2.4 0.2 2.2 2.6 2.2 0.1 2.1 2.3 
Phosphorus mg/dL 6.63 0.5 6.4 7.2 7.1 0.4 6.5 7.5 

Potassium mmol/L 3.8 0.32 3.4 4.4 4.2 0.2 4.0 4.4 

Sodium mmol/L 142.7 2.1 139.0 145.0 142.0 1.5 140.0 143.0 

Carbohydrate Metabolism                 

Glucose mg/dL 93.1 31.9 47 150 126.0 12.3 107 145 

Liver Function   a) Hepatocellular                 

Alkaline Phosphatase, ALP U/L 58.1 13.5 42.0 83.0 67.0 7.6 62.0 75.0 

Aspartate Aminotranferase, AST U/L 29.1 5.1 19 34 24.0 4.2 19.0 26.0 
Gamma-Glutamyl Transferase, 

GGT U/L 45.9 13.9 23 61 60.4 15.8 45.0 83.0 

Liver Function  b) Hepatobiliary                 

Unconjugated Bilirubin mg/dL 0.04 0.08 0.0 0.2 0 0 0 0 

Total Bilirubin mg/dL 0.11 0.04 0.1 0.3 0.1 0.0 0.1 0.1 

Kidney Function                 
Creatinine mg/dL 1.3 0.1 1.1 1.5 1.7 0.3 1.1 1.9 

Urea Nitrogen mg/dL 15.1 2.4 11.0 18.0 10.7 2.6 7.0 14.0 

Others                 
Albumin g/dL 3.3 0.2 2.9 3.5 3.4 0.3 3.1 3.7 
Globulin g/dL 3.0 0.2 2.9 3.2 2.8 0.2 2.6 3.0 

Albumin/Globulin Ratio   1.11 0.15 0.94 1.4 1.20 0.08 1.13 1.35 
Total Protein g/dL 6.3 0.3 6.0 6.6 6.2 0.4 5.8 6.7 

Creatine kinase U/L 303.1 114.4 203.0 469.0 450.3 94.6 397.0 570.0 
Total Cholesterol mg/dL 73.3 12.0 45.0 108.0 90.6 16.2 56.0 142.0 

Triglycerides mg/dL 27.0 8.4 9.0 52.0 37.3 11.5 11.0 70.0 

Total CO2 mmol/L 33.3 1.11 32.0 35.0 35.4 3.2 32 40 

Body Weight kg 60.7 6.2 53.2 68.9 74.1 4.8 68.6 81.4 

N=7 per breed group; age = ~12-15 mo. 
Mean, standard deviation (SD), and minimum (Min) and maxiumum (Max) values and 
units of measure are provided.   
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Table A.36.  Visceral composition of male Yucatan and Ossabaw miniature swine  
 Diet 
Breed Control chow 46% kcal fat 75% kcal fat 

Ossabaw (N =) 7 8 3 
% Protein 12.2 ± 0.4 11.7 ± 0.3 9.9 ± 0.5 

% Fat 19.9 ± 1.9 23.4 ± 0.8 28.9 ± 0.6 
Yucatan (N =) 6 5 3 

% Protein 13.2 ± 0.5 13.4 ± 0.5 11.9 ± 0.2 
% Fat 12.5 ± 2.1 16.2 ± 2.8 20.3 ± 2.0 

Values are mean  ± standard error.   
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FIGURE CAPTIONS 
 
Figure 18.1.  Ossabaw Island pig and environment.  A.  Foraging for food in a coastal salt marsh.  
Inset: aerial image of Ossabaw Island (courtesy of Sandy West, Ossabaw Island, GA).  B.  Live 
oaks.  C.  Inland fresh water marsh.  D.  Inland salt water marsh.  E.  Trap for capturing feral 
Ossabaw swine.  Inset: trapped pigs.  F.  Captive pigs.  See also color images on CD.   
 
Figure 18.2.  Standard Ossabaw swine housing facility for biomedical research.  See also color 
image on CD.   
 
Figure 18.3.  Growth and adipose composition of lean and obese male Ossabaw pigs housed in 
biomedical research facility.  A.  Body weight of Lean pigs fed a normal chow diet and Obese pigs 
fed excess atherogenic diet (Obesity Diet) starting at the time indicated by the arrow.  B.  
Regression analysis of direct chemical measurement of visceral fat percentage vs. body weight of 
male Yucatan (N=12, circles) and Ossabaw (N=17, squares) pigs.  Equations for prediction of % 
visceral fat (y) from body weight (x) and correlations (R) are given.   
 
Figure 18.4.  Non-invasive imaging of adipose distribution in Ossabaw swine.  A.  Computed 
tomography scan of female on standard pig chow maintenance diet.  B.  Computed tomography 
scan shows that obesity diet for 9 weeks elicits increase in adipose tissue (dark areas) in 
subcutaneous, retroperitoneal, and visceral regions.  (Panels A and B are from Dyson et al. 
{11173} with permission.)  Structures labeled apply to panel C-E, also.  C.  Computed 
tomography scan of female on obesity diet for 22 weeks shows further increase in adipose in all 
compartments.  D.  Magnetic resonance image of fat (bright components) in male on obesity diet 
for 22 weeks.  E.  Magnetic resonance image of water (bright components) in same male as panel 
D.  Arrows in C, D, and E show visceral fat compartment.   
 
Figure 18.5.  Measurement of glucose regulation and cardiovascular parameters in conscious pig.  
A. in Panepinto low-stress restraint sling.  (Modified from Otis et al. {11067} with permission.).  
Infusions are done in ear veins, while infusions and blood draws are done through percutaneous 
jugular catheters or vascular access ports.  Blood pressure is monitored non-invasively with tail or 
forelimb cuff.  Cardiac and vascular transcutaneous ultrasound, needle biopsies, fluorescein 
angiography of retinal vessels, rectal ultrasound, and other tests can be performed.  B.  Jugular 
catheter supplies.  A-introducer / dilator, B-percutaneous needle (18 ga.) in protective sleeve, C-
syringe, D-catheter, E1-proximal end of J-guidewire (0.038 inch [0.97 mm]), E2-distal end of J-
guidewire, F-guidewire holder.  C.  Typical intravenous glucose tolerance test protocol showing 
blood glucose responses of lean and obese Ossabaw pigs.  D.  Plasma insulin responses from lean 
and obese pigs in panel C.   
 
Figure 18.6.  Catheterization supplies and angiography equipment.  A.  A-percutaneous 
transluminal coronary angioplasty guidewire (0.014 inch [0.36 mm] diameter), B-introducer for 
angioplasty guidewire insertion into hemostatic valve, C-torquer for grasping and turning 
angioplasty guidewire, D-saline supply line, E-blood pressure transducer line, F-contrast media 
supply line, G-syringe for injecting contrast media, H-hemostatic valve, I-3-way valve with 
extension tubing to hemostatic valve, J-3-way manifold, K-guiding catheter (Amplatz left, sizes 
0.5-2.0; 7-8 F [2.33-2.67 mm], side holes), L-guidewire (0.038 inch [0.97 mm]) for guiding 
catheter, M-introducer (left side) and sheath with side port and 3-way valve, N-J guidewire (0.038 
inch [0.97 mm]).  B.  C-arm configuration for right ventral oblique 30 degrees angulation.  
Vertical line denotes pure ventrodorsal orientation (0º from vertical).  Thick shaded column angled 
30 degrees right of pig from vertical shows area of x-ray detection.  a-catheterization supplies in 
panel A on patient table.  C.  C-arm configuration for left ventral oblique 30 degrees angulation.  



Running H/F 3  21  

 

© 2004 by CRC Press LLC 
 

Same conditions as panel B, except that the thick shaded column shows area x-ray detection 
angled 30 degrees left of pig from vertical.   
 
Figure 18.7.  Hindlimb arteries, ventrodorsal view.  Body weight of pig is 40 kg.  A.  Right distal 
superficial femoral and saphenous arteries. a-distal femur, b-stifle (knee) joint, c-lateral condyle of 
femur, d-medial condyle of femur, e-tibia, f-fibula, g-superficial femoral, h-saphenous, i-popliteal.  
Fine black lines and dark area peripheral to the lines indicate aperture that is adjusted to decrease 
x-ray in non-tissue areas.  Spatial calibration is same for all panels.  Image is brightness and 
contrast adjusted.  Video 18.1.  Perfusion of right distal femoral, saphenous, and popliteal.  Note 
that all videos loop until stopped.  B.  Right superficial femoral and deep (profunda) femoral.  a-
hip joint, head of femur, b-femur, c-medial and lateral condyles of femur, d-gluteal artery, e-
superficial femoral, f-deep (profunda) femoral, g-distal internal iliac branches, arrow-typical site 
for catheterization.  Video 18.2.  Perfusion of all arteries in panel B and numerous distal branches.  
C.  Aorto-iliac bifurcation.  a-os coxae bone, b-sacrum (part of vertebral column), c-aorta, d-
external iliac, e-internal iliac, f-circumflex iliac, g-caudal (sacral) artery and branches, h-gluteal, i-
deep (profunda) femoral, j-distal internal iliac, k-femoral.  Spasm in segment of internal iliac is 
shown to the right of double arrows.  Video 18.3.  Perfusion of all arteries in panel C and 
numerous distal branches; pulsatile flow is especially noted in aorta.  D.  Aorto-iliac bifurcation of 
different pig than in panel C.  Letters denote same structures as in panel C.  Spasm in segment of 
internal iliac is shown to the left of double arrows.  Video 18.4.  Perfusion of all arteries in panel 
D and numerous distal branches; air bubble is visible distal to spasm in right internal iliac.  E.  
Left distal superficial femoral and saphenous.  Letters and lines denote same structures as in panel 
A.  Image is brightness and contrast adjusted.  Video 18.5.  Perfusion of left distal femoral, 
saphenous, and popliteal.  F.  Left superficial femoral and deep (profunda) femoral.  Letters denote 
same structures as in panel B.  Video 18.6.  Perfusion of all arteries in panel F and numerous distal 
branches; deep femoral angles acutely at its termination toward the superficial femoral.   
 
Figure 18.8.  Hindlimb, superficial femoral artery access for catheterization, and formation of 
collateral femoral arteries in ventrodorsal view.  A.  Right superficial femoral with guiding 
catheter inserted.  Contrast media is injected only to the end of the guiding catheter.  Spatial 
calibration is same for all panels.  Body weight of pig is 40 kg.  a-os coxae bone, b-sacrum (part of 
vertebral column), c-head of femur, hip joint, d-femur, e-tip to guidewire cranial to deep 
(profunda) femoral (not shown) branching medially off external iliac (not shown), f-tip to guiding 
catheter in superficial femoral, g-catheter insertion site.  B. Injection of contrast media through 
guiding catheter in right superficial femoral.  a-g are same as panel A, h-deep (profunda) femoral, 
i-left gluteal, right gluteal is absent because of guiding catheter occlusion, j-internal iliac, k-
circumflex iliac, l-external iliac, m-superficial femoral.  Video 18.7.  Contrast media infusion 
through guiding catheter retrograde into superficial femoral with pronounced perfusion of right 
deep femoral (located medial to the catheter).  C.  Right deep (profunda) femoral artery collaterals 
4 weeks after ligation of the superficial femoral.  Image captured at the middle of contrast media 
injection into the aorto-iliac bifurcation, during which time the contrast fills mostly conduit 
arteries.  Body weight of pig is 110 kg.  a- head of femur, hip joint, b-femur, c-gluteal artery, d-
deep (profunda) femoral artery, e-superficial femoral ligation site at arrow, f-former location of 
superficial femoral artery, g-“corkscrew” collateral directly below the letter g, double arrow-area 
of poor perfusion of contrast media in microvasculature.  D.  Same conditions as panel C, except 
the image captured at the end of contrast media injection in the aorto-iliac bifurcation, during 
which time the contrast fills mostly distal microvasculature.  Structures are same as panel C and 
some are not labeled for simplicity.  E.  Same conditions as panels C and D, except the image is an 
overlay combination of panels C and D, which provides detail of conduits and microvasculature 
simultaneously.  Structures are same as panels C and D and some are not labeled for simplicity.  F.  
“Corkscrew” and tortuous collaterals and retrograde perfusion of superficial femoral 4 weeks after 
its ligation.  Image captured at optimal contrast media perfusion after injection in the aorto-iliac 
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bifurcation.  Body weight of pig is 44 kg.  a-g are same as panel A, a- head of femur, hip joint, b-
femur, c-gluteal artery, d-deep (profunda) femoral artery, e-superficial femoral ligation site at 
arrow, f-former location of superficial femoral artery, g-“corkscrew” and tortuous collaterals 
directly above the g, fine double arrow-retrograde perfusion (cranial direction) region of 
superficial femoral, h-more proximal (cranial) aspect of superficial femoral artery immediately 
after gluteal artery branch and above h, i-electrocardiography wires (4) extended from top middle 
of image to bottom right and leads at bottom middle.  Video 18.8.  Substantial retrograde 
perfusion at fine double arrow and perfusion in right proximal superficial femoral 4 weeks after 
ligation of the superficial femoral.   
 
Figure 18.9.  Renal arteries in ventrodorsal view.  Body weight of pig is 40 kg.  A.  Right and left 
main renal arteries visualized by placement of guiding catheter opening in the aorta cranial to the 
arteries.  a-vertebral column, b-tip of guidewire (curved), c-right renal artery, d-left renal artery, e-
abdominal aorta, f-tip of guiding catheter.  Video 18.9.  Pulsatile perfusion of aorta and renal 
arteries.  B.  Left renal artery and fine details of renal vasculature visualized by placement of 
guiding catheter opening directly in the left renal artery.  b, d, e, and f are same as in panel A.  
Video 18.10.  Guidewire placement deep in an intrarenal artery and the clarity of renal vasculature 
can best be appreciated by guiding catheter placement directly in the renal artery.  Contrast media 
is also filtered through the nephrons at the top of the kidney.   
 
Figure 18.10.  Major abdominal arteries in ventrodorsal view.  Body weight of pig is 40 kg.  A.  
Anterior mesenteric and celiac arteries.  a-vertebral column, b-aorta, c-tip of guiding catheter, d-
curved tip of guidewire, e-celiac artery, f-caudal edge of diaphragm, g-rib, h-cranial edge of 
diaphragm, i-apex of heart.  j-anterior mesenteric artery.  Video 18.11.  Pulsatile perfusion of 
anterior mesenteric and celiac.  B.  Celiac artery.  a-i are same as panel A.  Video 18.12.  
Movement of the diaphragm and heart and pulsatile blood flow is shown in celiac and mesenteric 
arteries.   
 
Figure 18.11.  Forelimb and thoracic arteries in ventrodorsal view.  Body weight of pig is 40 kg.  
A.  Right forelimb.  a-rib, b-heart, c-aortic arch, d-brachiocephalic trunk, e-left common carotid, f-
right common carotid, g-cervical vertebrae, h-right subclavian, i-internal thoracic (mammary), j-
thyrocervical, k-costocervical, l-thyrocervical trunk,  m-vertebral, n-axillary, o-subscapular, p-
lateral thoracic, q-brachial, r-left subclavian.  Video 18.13.  Right forelimb and thoracic arteries 
visualized by retrograde infusion of contrast media into right common carotid artery.  B.  Left 
forelimb.  a-left subclavian, b-axillary, c-subscapular, d-brachial.  Video 18.14.  Left forelimb 
arteries visualized by infusion of contrast media into aortic arch.   
 
Figure 18.12.  Left carotid and cerebral arteries in ventrodorsal view.  Body weight of pig is 40 
kg.  A. Contrast infusion into both common carotid arteries via brachiocephalic trunk.  a-left 
common carotid, b-left internal carotid, c-rete mirabile, d-left external carotid, e-facial artery, f-
masseteric branch of external carotid, g-parotid branch of external carotid, h-maxillary, i-middle 
meningeal (or ramus anastomosis).  Video 18.15.  Bilateral view of cerebral arteries by infusion of 
contrast media into brachiocephalic trunk.  B. Contrast infusion into left internal carotid artery.  a-
c are same as panel A; ar-right common carotid, br-right internal carotid, cr-right rete mirabile, dr-
right external carotid.  Arrows indicate direction of contrast flow.  Video 18.16.  Significant 
crossover flow between the rete mirabile via the several arteries in the Circle of Willis.   
 
Figure 18.13.  Schematic of heart and major epicardial coronary arteries and interventional 
devices.  Idealized ventrodorsal view of right coronary (RC), left anterior (ventral) descending 
(LAD), and circumflex (CFX) arteries.  Dashed lines indicate orientation of arteries on dorsal side 
of the heart.  Dashed rectangular object in the LAD is a coronary stent, gray rectangular object is a 
Transonics flow transducer, and black rectangular object in the CFX is an ameroid occluder.  
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Microvessels of <150 μm diameter regulate overall vascular resistance, can be seen sometimes in 
ideal angiography conditions, but usually their role is functionally assessed with flow velocity 
measures.  Diagonal and obtuse marginal branches of the LAD and CFX, respectively, branch 
from these conduit arteries.  Branches from LAD and RC that feed the ventral and dorsal aspects, 
respectively, of the ventricular septum are not shown.   
 
Figure 18.14.  Heart and right coronary artery in ventral views.  Body weight of pig is 40 kg.  A.  
Pure ventrodorsal view (no oblique angulation) of heart and right coronary.  a-ribs, all along left 
and right sides of image, b-thoracic aorta, c-tip of guiding catheter at right coronary ostium, d-
sinus of Valsalva (aortic valve), e-right coronary.  Video 18.17.  View of right coronary by 
infusion of contrast media into aortic sinus near the right coronary ostium.  B.  Same pure 
ventrodorsal view as panel A, except magnification increased.  a,b-same as panel A, c-guiding 
catheter fully engaged in right coronary ostium, d-absence of sinus of Valsalva (aortic valve), e-
proximal and distal sections of right coronary, f-fine septal branches of right coronary providing 
perfusion to dorsal ventricular septum.  Video 18.18.  View of right coronary by infusion of 
contrast media selectively into the right coronary ostium.  C.  Right ventral oblique 30 degrees 
view (Figure 18.6B) of right coronary.  Spatial calibration same as panel B.  a-f-same as panel A, 
g-sternum.  Video 18.19.  Infusion of contrast media selectively into the right coronary ostium 
enables visualization of right coronary and numerous septal branches.  D.  Left ventral oblique 30 
degrees view (Figure 18.6C) of right coronary.  a-g-same as panel A.  Video 18.20.  Infusion of 
contrast media into the right coronary ostium and spillage into the aorta enables visualization of 
right coronary and sinus of Valsalva (aortic valve).   
 
Figure 18.15.  Heart and left coronary arteries in ventral views.  Body weight of pig is 40 kg for 
panels A-D, 80 kg for panels E-F.  Image resolution is 300 pixels/inch for panels A-D and 91 
pixels/inch for panels E-F.  A.  Left ventral oblique 30 degrees view (Figure 18.6C) of left 
coronary arteries.  a-sinus of Valsalva (aortic valve) with guiding catheter near left coronary 
ostium, b-left anterior (ventral) descending, c-circumflex, d-obtuse marginal branch of circumflex, 
e-diagonal branch of left anterior descending, f-guiding catheter, g-sternum, arrowheads-small 
septal branches.  Video 18.21.  Infusion of contrast media into the left coronary ostium and 
spillage into the aorta enables visualization of left coronary arteries.  B.  Right ventral oblique 30 
degrees view (Figure 18.6B) of left coronary arteries.  Spatial calibration same as panel A.  a-g 
and arrowheads same as panel A, h-left main.  Video 18.22.  Infusion of contrast media near the 
left coronary ostium yields substantial filling and visualization of the aortic valve and left coronary 
arteries.  C.  Left ventral oblique 45 degrees view of left coronary arteries.  a-f and arrowheads 
same as panel A.  Video 18.23.  Infusion of contrast media into the left coronary ostium enables 
visualization of left coronary arteries, but the circumflex and obtuse marginal branches are not 
ideally separated.  D.  Right ventral oblique 45 degrees view of left coronary arteries.  a-h and 
arrowheads same as panel B, same spatial calibration as panel C.  Video 18.24.  Infusion of 
contrast media near the left coronary ostium yields substantial filling and visualization of the 
aortic valve and best separation of circumflex and obtuse marginal branches.  E. Left ventral 
oblique 30 degrees view of left coronary arteries in different pig than panels A-D.  a-g and 
arrowheads same as panel A, h-extraneous wires and electrocardiogram leads.  Video 18.25.  
Infusion of contrast media into the left coronary ostium enables visualization of left coronary 
arteries, particularly diagonal branches of left anterior descending.  F.  Right ventral oblique 30 
degrees view of left coronary arteries.  a-g and arrowheads same as panel A, h-extraneous wires 
and electrocardiogram leads.  Video 18.26.  Nearly selective infusion of contrast media into left 
coronary ostium yields best visualization of circumflex and obtuse marginal branches that are 
clearly separated in the right ventral oblique 30 degrees view.   
 
Figure 18.16.  Ventricular angiography and echocardiography.  Left panels are obtained in 
control, resting  conditions, right panels are during dobutamine (5 μg/kg/min) stress test.  LVP-left 
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ventricular pressure, HR-heart rate (b/min), LV-left ventricular chamber, 2D-2-dimensional, ESV-
end systolic volume, EDV-end diastolic volume.  The dotted line in the angiogram in the lower 
right panel shows the effect of beta1 adrenergic stimulation to decrease ESV compared to resting 
conditions shown by the dashed line.  Video 18.27.  LV angiogram during resting conditions in 
adult Ossabaw pig.   
 
Figure 18.17.  2-Dimensional and M-mode echocardiograms.  Left panels are from normal, 
control pig; short axis view.  Right two panels are from alloxan-induced diabetic dyslipidemic pig 
that displayed dilated cardiomyopathy and systolic dysfunction; short and long axis views are 
indicated.  Cath-pressure catheter, PW-posterior wall, RV-right ventricular chamber, VS-
ventricular septum, EDd-end diastolic dimension, ESd-end systolic dimension.  Dots are separated 
by 1 cm and also represent the line along which the M-mode echocardiograms were obtained.  
Double arrows show the magnitude of the EDd and ESd.  Video 18.28.  2-Dimensional and M-
mode echocardiograms in adult Ossabaw pig.   
 
Figure 18.18.  Intravascular ultrasound (IVUS) of coronary arteries.  There is one mm distance 
between each faint dot emanating from the center of the IVUS catheter in horizontal and vertical 
directions in panels A-D.  Upper panels: schematic representation of angiography showing 
“Normal” silhouette (left), IVUS catheter (center), and IVUS image (right) (Adapted from 
{14233}).  The angioplasty guidewire in the center panel is not shown and extends beyond the tip 
of the IVUS catheter more distal in the artery.  A.  Standard view of circumflex.  a-IVUS catheter, 
b-guidewire artifact, c-artery lumen, d-artery wall, e-cardiac vein lumen, f-adventitia, 
myocardium, g-electrocardiogram.  Video 18.29.  IVUS images of circumflex during pullback of 
catheter over short 2 mm distance through the artery.  Note especially that this video loops until 
stopped and, since it is such a short distance with minimal change in artery morphology, the video 
looks nearly stationary.  B.  Left anterior (ventral) descending.  Structures for a-g in panel A are 
the same for panels B-D.  h-pericardium.  Video 18.30.  IVUS images of left anterior (ventral) 
descending during pullback of catheter over 15 mm distance through the artery.  C.  
Atherosclerosis of circumflex.  Arrowheads indicate arc of neointimal thickening between 2 and 7 
o’clock orientation.  Video 18.31.  IVUS images of circumflex during pullback of catheter over 
short 3 mm distance through the artery shows neointimal thickening in early stage of 
atherosclerosis.  D.  Vascular calcification of circumflex.  Arrowheads indicate arc of calcification 
between 9 and 11 o’clock orientation.  Video 18.32.  IVUS images of circumflex during pullback 
of catheter through the artery shows mild intimal thickening and vascular calcification over a short 
3 mm distance.   
 
Figure 18.19.  Transcutaneous femoral artery ultrasound.  Electrocardiogram is shown at top.  A-
femoral artery, b-femoral vein, double lines show point at which pulse wave velocity was 
measured.  Video 18.33.  Arterial wall shows synchronous with the electrocardiogram the 
distensibility and the pulsatile flow velocity in the 2-D and pulse wave modes, respectively.   
 
Figure 18.20.  Coronary stent deployment in left anterior (ventral) descending coronary artery.  
Body weight of pigs are 44-80 kg.  A.  Pre-stent angiogram in left ventral oblique 30 degrees 
view.  a-left coronary ostium, b-site of stent placement in left anterior (ventral) descending 
coronary artery, c-circumflex, d-obtuse marginal branch of circumflex, e-diagonal branch of left 
anterior descending, f-guiding catheter, g-sternum.  Video 18.34.  Pre-stent angiogram to visualize 
area of artery for stent deployment. B.  Pre-stent intravascular ultrasound of left anterior (ventral) 
descending coronary artery.  a-IVUS catheter, b-guidewire artifact, c-artery lumen, d-artery wall, 
e-adventitia, myocardium, f-electrocardiogram, g-pericardium.  Arrowheads indicate arc of 
neointimal thickening between 4 and 8 o’clock orientation.  White dots are added to clarify the 
one mm distance between each dot emanating from the center of the IVUS catheter in horizontal 
and vertical directions.  Video 18.35.  IVUS images of left anterior (ventral) descending during 
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pullback of catheter over 14 mm distance through the artery showing proximal diagonal branch.  
C.  Stent deployment angiogram in left ventral oblique 30 degrees view.  b-site of stent 
deployment is shown by balloon inflation to 1.3 times normal artery diameter.  Spatial calibration 
is same as panel A.  Video 18.36.  Stent deployment is shown by balloon inflation in angiogram.  
D.  Stent design and after deployment.  Left-meshwork of stainless steel wire of stent is typically 
<1 mm in diameter (vertical double arrow) before deployment.  Right-final deployment to 3.5 mm 
in coronary artery.  E.  Post-stent angiogram immediately after stent deployment.  Spatial 
calibration and features are same as panel A.   b-site of stent placement with maintained distension 
to 1.3 times normal artery diameter.  Video 18.37.  Successful distension of artery after stent 
deployment to 1.3 times normal artery diameter.  F.  Post-stent intravascular ultrasound 
immediately after stent deployment.  g-pericardium. Arrowheads pointing to bright, echogenic 
features indicate struts of stent.  Video 18.38.  IVUS images show successful stent apposition to 
the arterial wall at a diameter of 4.2 mm, compared to 3.2 mm for the pre-stent control in panel B.   
 
Figure 18.21.  Post-stent stenosis of left anterior (ventral) descending coronary artery 4 weeks 
after stent deployment.  Body weight of pigs in panels A and B are 80 and 87 kg, respectively.  A.  
4-week post-stent angiogram in left ventral oblique 30 degrees view.  a-left coronary ostium, b-site 
of stent placement in left anterior (ventral) descending coronary artery with significant stenosis 
(arrow), c-circumflex, d-obtuse marginal branch of circumflex, e-diagonal branch of left anterior 
descending, f-guiding catheter.  Video 18.39.  Post-stent angiogram visualizing in-stent stenosis.  
B.  4-week post-stent intravascular ultrasound.  There is one mm distance between each faint dot 
emanating from the center of the IVUS catheter in horizontal and vertical directions.  a-IVUS 
catheter, b-guidewire artifact, c-artery lumen, d-artery wall, e-adventitia, myocardium, f-
electrocardiogram, g-pericardium, h-neointima.  Arrowheads pointing to bright, echogenic 
features indicate struts of stent.  Video 18.40.  IVUS images show neointimal hyperplasia 
resulting from the balloon over-inflation injury in a crescent moon-like shape medial to the 
echogenic arcs of the stent struts.  C.  Quantification of IVUS images as in panel B after coronary 
stenting shows Ossabaw pigs have ~4-fold greater percent stenosis than Yucatan pigs (p<0.05, 
N=6 and 8/group).   
 
Figure 18.22.  Coronary blood flow.  A.  Left anterior (ventral) descending coronary artery blood 
flow velocity at baseline and during exposure to adenosine (1 μg/kg, intracoronary).  Upper panel: 
top trace-ECG, middle trace-aortic pressure, bottom waveform-instantaneous blood flow velocity 
envelopes.  Lower panel: left-baseline parameters before adenosine infusion, right-peak responses 
to adenosine, S (and vertical line)-start of systole, D (and vertical line)-start of diastole.  Leftmost 
panel relevant parameters: APV-average peak velocity (cm/s), DSVR-diastolic / systolic velocity 
ratio, BAPV-base average peak velocity (cm/s), PAPV-peak average peak velocity (cm/s), 
RATIO-coronary flow reserve ratio (PAPV/BAPV).  Video 18.41.  Cardiometrics FlowMap 
recording shows instantaneous peak blood velocity signals in real time.  B.  Diastolic / systolic 
velocity ratio (DSVR) for major epicardial conduit arteries: circumflex, left anterior (ventral) 
descending, and right coronary (N=6 pigs/group).   
 
Figure 18.23.  Angiograms obtained 4 weeks after placement of ameroid occluder on circumflex 
coronary artery.  A.  Left ventral oblique view.  a-ameroid occluder, b circumflex artery, c-left 
anterior descending artery, d-septal branch of left anterior descending artery, e-ostium, f-guiding 
catheter.  Video 18.42.  Left ventral oblique view provides ambiguous view of source of perfusion 
of circumflex, but clearly shows that the septal branch is not perfusing the circumflex.  B.  Right 
ventral oblique view.  Abbreviations are same as panel A; g-collateral artery.  Video 18.43.  Right 
ventral oblique view provides clear view of collateral artery perfusing circumflex and complete 
occlusion of main, native circumflex.   
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Figure 18.24.  Superimposed positron emission tomography (PET) and computed tomography 
(CT) images.  Coronal (upper panels A-C) and sagittal (lower panels D-F) images of a female 
Ossabaw pig.  Panels on the left (A,D) are x-ray CT images. The righthand panels (C,F) are PET 
images of nitrogen-13 ammonia uptake. The center panels (B,E) are superimposed (fused) PET 
and CT images.  a-ribs, b-liver, diaphragm, c-heart, d- nitrogen-13 ammonia uptake in ventricular 
wall, e- nitrogen-13 ammonia uptake in liver, diaphragm, f-vertebra, g-sternum.  See also color 
images on CD, which display more clearly the PET images of nitrogen-13 ammonia uptake in 
orange color.   
 
Figure 18.25.  Positron emission tomography (PET) measurement of regional myocardial blood 
flow at rest (A, C) and during dobutamine stress (B, D) before (Control) and after complete 
circumflex coronary artery occlusion by and ameroid occluder.  Arrows in C and D depict 
perfusion deficit as the dimmer areas.  E.  Myocardial regions in panels A-D perfused by the left 
anterior descending (LAD), circumflex (CFX), and right coronary (RC) arteries that were used to 
quantify perfusion in panel F.  F.  Plot showing relative difference in flow reserve between pig 
with and without ameroid occlusion of circumflex artery.  Flow reserve is calculated as ratio of 
blood flow parameter K1 calculated from fits of compartmental models to time dependence of 
nitrogen-13 ammonia uptake in the myocardium.  Flow reserve difference more negative than -
0.15 indicates significant ischemia, most pronounced in the base and mid zones of the circumflex 
vascular bed.   
 
Figure 18.26.  Coronary conduit artery histology.  All sections were paraffin-embedded, 
sectioned, and stained with Verhoeff-Van Giesen’s elastin stain.  A.  Healthy control.  a-
adventitia, b-external elastic lamina, c-media, d-internal elastic lamina, intima, and endothelial cell 
layer, e-lumen.  Inset: higher magnification of area shown by box.  B.  Atherosclerotic artery after 
40 weeks on a high fat/high cholesterol diet that induced pronounced features of the 
cardiometabolic syndrome.  a-e and spatial calibration are same as panel A, f-neointima.  C.  
Yucatan in-stent stenosis.  a-f are same as panel B, arrowheads-areas formerly occupied by stent 
struts.  Inset: higher magnification of area shown by box.  D.  Ossabaw in-stent stenosis.  a-f and 
arrowheads are same as panel C.   
 
Figure 18.27.  Treadmill exercise protocol for obese Ossabaw pig before and after femoral artery 
ligation and coronary stent placement.  A.  Treadmill training is done with continuous monitoring 
of heart rate (belt around thorax).  See also color image on CD.  Video 18.44.  Early phase of 
exercise training protocol at moderate treadmill speed of 3 mph and 3% grade (incline).  B.  Heart 
rate (HR) response during resting, warm-up, target exercise HR, and cool-down phases of a single 
exercise session.  C.  Heart rate (HR) response in exercise training sessions during 7 weeks of 
chronic training.  Weeks are shown for changes in the percent grade of the treadmill, stent 
placement, and femoral artery ligation.   
 
Figure 18.28  Recordings of aortic pressure (top panels) and coronary blood flow (bottom panels) 
obtained from a conscious pig during rest and treadmill exercise as in Figure 18.27.  Resting heart 
rate = 120; exercise heart rate = 195 b/min.     
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