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Abstract 

The paucity of large animal species to model the Acute Radiation Syndrome (ARS), currently limited to canines and nonhuman primates (NHP), has been identified as a limiting factor in the development of medical countermeasures (MCM). Swine display close similarity to humans in terms of anatomy and physiology, and are widely accepted by industry and regulatory agencies for development of pharmaceuticals. We are developing a minipig model of radiation-induced multi-organ failure. We selected the Gottingen minipig because of the availability of control background data, small size, defined microbiologic and genetic backgrounds, and docility. Accessibility of superficial veins in swine is problematic, but this difficulty can be overcome by the use of catheters.  We recently optimized a procedure for vascular access port implantation and successful long term serial blood sampling in irradiated minipigs, where immunosuppression, severe thrombocytopenia, vascular leakage, and acute inflammation aggravate the complications normally associated with repeated blood sampling. After total body γ-irradiations (Cobalt-60, 0.6 Gy/min, TBI) causing the haematopoietic syndrome, blood pancytopenia was observed for several weeks, accompanied by the characteristic ARS stages: prodromal symptoms, latent period, illness and recovery or terminal morbidity. The prodromal phase started during the first few hours after irradiation, and was characterized by disorientation, mild increases in temperature, severe lymphopenia, granulocytosis, transient diffuse mild erythema and skin dryness. This phase lasted approximately 48 hours. Median time to morbidity was 18 days. Animals euthanized based on pre-set morbidity criteria displayed signs of multi-organ dysfunction, including widespread internal haemorrhage and alterations in organ function reflected in blood chemistry and histopathology. Circulating C-reactive protein (CRP), a marker for inflammation, became elevated within hours after irradiation, subsided after several days, and increased again after 14 days. At the LD50/30 radiation dose (haematopoietic syndrome), the time of nadir and the duration of cytopenia resembled those observed for the corresponding LD50 doses for NHP and canines, and mimicked closely the kinetics of blood cell depletion and recovery in irradiated humans with reversible haematopoietic damage (METREPOL H3 category). Survival was significantly correlated with a number of parameters, including higher platelet counts at days 10 and 14, a greater number of days to reach severe thrombocytopenia, shorter duration of thrombocytopenia, more pronounced neutrophil stress response at 3 hours and count at 14 days, and CRP-to-platelet ratio. DNA double-strand break repair kinetics in minipig blood cells, based on γ-H2AX focus expression, were similar to those of humans and NHP (unpublished data). Acceptability by industry and regulatory agencies for development of pharmaceuticals, lower cost and prompt availability make the minipig a valuable resource and an attractive alternative non-rodent model for studies with large animals.

1.0
iNTRODUCTION

Animal models are essential tools to investigate the etiology, pathophysiology and treatment of human diseases. However, their utility can be limited by insufficient similarity of anatomical and physiological features to humans, and by how closely disease and response to treatment in the animal model can predict human response. In case of the Acute Radiation Syndrome (ARS), damage to a specific organ appears to affect proper function of many other organs, and multi-organ failure is being recognized as one of the main causes of radiation-induced lethality. Swine display close similarity to humans in terms of overall organ anatomy and physiology and have been extensively used in biomedical research in a variety of areas (cardiovascular, gastrointestinal, metabolic, liver, reproductive and infectious disease). Choice of a model with physiological properties close to humans across several organs may be advantageous for the characterization of the pathology of the ARS and drug efficacy testing for total body irradiation. Our goal is to characterize the response of the minipig to a wide range of acute doses of ionizing radiation. With increasing cost and decreased availability of NHPs and dogs, the minipig may provide a solution to the bottleneck in countermeasure development and biomarker discovery represented by paucity of appropriate large animal models for the ARS. Here we report a brief synopsis of the similarities/differences between swine and humans for main organs affected by radiation, and a description of the ARS in the Gottingen minipig. A review on the use of swine in radiological research can be found elsewhere [1].

1.1
COMPARATIVE ANATOMY 

The close similarity in anatomy and physiology of organs such as the liver, pancreas, kidney and heart has made the pig the primary species of interest as organ donors for xenographic procedures. Minipigs are routinely used for toxicity testing. As such, further and rapid characterization at physiological, molecular and genetic level of the minipig is likely to occur, thus increasing acceptance of this model and facilitating advanced drug development.
1.1.1
Cardiovascular system

Anatomy and physiology of the cardiovascular system resembles very closely that of humans. Heart size, capacity, and anatomic distribution of the coronary vasculature are almost identical. Electrophysiological parameters are closer to humans than those of NHPs [2]. Systemic effects of many pharmaceuticals are comparable to those in dogs; in addition, pigs are less sensitive to NSAID and sympathomimetic drugs than dogs and rodents [3]. Pigs are the standard model for atherosclerosis, myocardial infarction and general cardiovascular studies, testing of biomechanical devices, electrophysiology, surgery, and occlusion/reperfusion injury.

1.1.2
Gastrointestinal system

The gastrointestinal anatomy, mainly the large intestine, has some differences with respect to humans. 
The cecum and the colon (ascending, transverse and the proximal portion of the descending colon) are arranged in a series of coils in the left upper quadrant of the abdomen; this anatomical structure is called the spiral colon. The small intestine is long and located mainly in the right side of the abdomen. However, pigs are true omnivores and the physiology of digestion remains very similar to humans, unlike that of carnivores, ruminants, rabbits and rodents; gut hormones, digestive enzymes, intestinal transport times, absorption of nutrients, ion transport and motility are comparable. Swine have been used extensively as a gastrointestinal model and are useful to study drug metabolism in the intestinal wall and liver. 
1.1.3
Liver and Pancreas

Functionally, both the liver and pancreas are similar to humans. The liver has been used for xenoperfusion protocols for humans in hepatic comas [4, 5]. In terms of drug metabolism, the cytochrome P450 system in swine is similar to humans except for the absence of CYP2C19 and CYP2D6. Swine liver lacks the mechanism of sulfation for most drugs, and glucoronidation and acetylation appear to be the main metabolic pathways in this species [6]. Liver enzymes can be easily induced, making the pig less predictive for effects in humans that dogs or NHP. Nevertheless, the pig is very a useful model for pharmacokinetic investigations.

1.1.4
Kidneys

Swine and humans have a unique kidney anatomy, unlike other mammals including NHP, characterized by a multipapillar, multi-pyramidal structure. The glomerular filtration and plasma flow rate are similar to humans, but vary in the pig depending on the age. Swine have been useful for the study of pharmacological agents, urinary system disease and renal hypertension. The swine response to renal irradiation is well documented, and signs of renal injury appear earlier in pigs than in nonhuman primates or dogs [7]. 
1.1.5
Skin

The skin provides the first barrier against the external environment and is involved in the regulation of body temperature, immune and endocrine systems, metabolism and biotransformation of exogenous and endogenous substances. Pig skin, as in humans, is covered by sparse hair, contains phase 1 and phase 2 drug metabolizing enzymes, including Cyt P450 family, and has large amounts of elastic fibers, and contains dendritic cells. The epidermis is tightly attached to the subcutaneous tissues; blood supply, absorption and cellular turnover are also similar. Swine are equivalent to primates for cutaneous absorption studies and have similar lipid biophysical properties, epidermal turnover kinetics and carbohydrate metabolism. Swine is the model of choice for surgical and wound healing studies, dermal and transdermal toxicology (approved non-rodent model in regulatory toxicological studies), and percutaneous absorption. However, the epidermis is thicker and less vascularized than humans and it is more alkaline (pH 6-7 in swine, pH 5 in humans). Fat tissue content is higher; thermo-regulation is by vasoconstriction instead of sweat glands, but still closer than rats. Skin thickness is 50-120 mm in humans, 70-140 mm in pigs and 10-20 mm in rats.  
1.1.6
Lungs

Lung size, structure (subtype I, well developed lobules, thick pleura with interlobular septa and supplied by bronchial artery) and functional capacity are similar to humans, more so than dogs. Dogs and rodent lungs lack lobularity, the pleura are thin, septa are absent and the arterial supply is also different from humans. The utility of the minipig as a model for assessing secondary effects of irradiation of thoracic malignancies has been reviewed, and swine are the suggested model for long-term effects of radiation (fibrosis, pneumonitis) [8].  
1.1.7
Hematopoietic system

The sequence of MHC antigens and IgG in swine is more similar to those of humans compared to NHPs; however, the anatomical organization of lymph nodes is inverted in the pig with respect to humans. This results in a situation where lymphocytes primarily circulate in blood and not in lymph as in humans. Normal ranges for hematology values are very close in human, swine, dogs, and NHPs (Table 1); both the canine and the NHP are considered appropriate large animal models to test hematological countermeasures [7].  During steady-state production, the mean value for myelocyte-to-blood transit time is 8–10 days for human, 6–7 days in swine, and 4–6 days for dogs; neutrophil half-life in circulation is comparable in all these species. As for platelets, total transit time of platelets from bone marrow to peripheral blood in humans is 8–10 days, and the life span is 8–10 days. Megakaryocyte maturation time in pigs ranges from about 5 to 10 days and life span of platelets is 5–7 days. In dogs, the platelet life span is 9 days and in rhesus monkey the life span is about 6.5 days. The lifespan of RBC is around 80–100 days in the swine, 100–115 in the dog, 85 days in Rhesus monkey and 120 days in humans [9]. 
1.1.8
Other systems

Coagulation and fibrinolytic systems and lipid metabolism are comparable to humans. On the other hand, pigs have very fragile arteries and veins, and higher plasma pH and bicarbonate levels. [10].
2.0
the gottingen minipig as an alternative large animal model to study the acute radiation syndrome (ARS)

2.1
STRAIN SELECTION 

The Gottingen minipig is the smallest minipig available specifically bred for biomedical purposes, and is derived from the cross-breeding of Vietnamese Potbelly, Minnesota miniature and the German Landrace swine. The result is a miniature swine, fairly docile and with light pigmented skin. The manageable size and long life span make it a convenient model for long term chronic studies. The proportional dwarfism characteristic of the G. minipig appears to be linked to reduced levels of growth hormone (GH) binding protein or other growth factors [11, 12]. This dwarfism, referred to as ‘‘pituitary dwarfism’’, is found in a number of farm animal breeds, and, unlike the ‘‘achondroplasia’’ type of dwarfism, is a genetically fixed trait and not considered a genetic defect [13]. Animals are barrier bred and raised and have a microbiologically defined health status, as to minimize interference of pathogens and other confounding factors in experimental results. Genetic consistency is maintained between the herds and inbreeding is kept below 10%. Reference values for several developmental, clinical chemical, hematological, histological and ECG parameters have been well established. 
2.2
VASCULAR ACCESS PORT, BLOOD SAMPLING AND IRRADIATION PROCEDURES 

Radiation sickness is monitored through serial sampling of blood. The nature of superficial veins in swine makes serial sampling of large volume of blood problematic. Use of catheters provides a convenient solution to this problem; however immunosuppression and onset of thrombotic complications after irradiation exasperate infectious and non-infectious complications associated with the use of catheters. We optimized surgery and post-operative care for the sub-cutaneous implantation of vascular access ports (VAPs), and generated a protocol for care and maintenance of the device that allowed us to obtain blood samples up to 3 months after implantation (end of study) in non-anesthetized animals [14]. Animals were obtained at an age of 3-4 months, quarantined for two weeks and implanted with a VAP and a temperature microchip. After 3 weeks recovery, animals were subjected to total body irradiation using a Cobalt-60 source, at a dose rate of 0.6 Gy/min. Calibration of the dose rate was done using Plexiglas cylinders of various diameters filled with water and each containing 12 alanine standard dosimeters. Signal was measured with an EPR spectrometer, calibrated with radiation standards obtained from the National Institute of Standards Technology (NIST). Results were verified through an inter-comparison study with the UK National Physical Laboratory in Teddington. Doses actually given to the animals were also measured real time with an ionization chamber. 
2.3
ACUTE RADIATION SYNDROME IN THE GOTTINGEN MINIPIG 

The ARS in the minipig presents the three characteristic phases observed in humans: prodromal, latent and manifest (Table 2) [15]. Duration and severity of signs and symptoms are dose-dependent. Besides quantifiable parameters (i.e. hematology, vitals, external bleeding, food and water consumption, etc.), severity of illness was also based on changes in overall demeanor and appearance. Endpoints used for euthanasia criteria included anorexia, lameness, anemia and body temperature.
2.3.1
Hematopoietic sub-syndrome of the ARS
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The most common and well-characterized endpoints for ARS following total body irradiation (TBI) are the LD50, onset of blood cell decline, time to reach critical values, extent of nadir, and time to and extent of recovery. The hematopoietic sub-syndrome in the Gottingen minipig is characterized by a LD50/30 of 1.73 Gy [95% CI 1.64 - 1.80 Gy] (TBI, Cobalt-60, 0.6 Gy/min) (Figure 1). or ARS following total body irradiation (TBI) are the LD50, onset of blood cell decline, time to reach critical values, extent of nadir, and time to and extent of recovery. 
No supportive care was provided to the animals. This value is within the reported range for other strains (1.71 Gy to 3.4 Gy). Morbidity occurred between days 14 and 29 (median 18 days) [9]. In terms of similarity of the LD50 to humans (predicted 3.5 – 4.0 Gy, without supportive care), the animal model closest to humans is the dog (2.6 Gy); NHP are less sensitive (6.5 Gy, with supportive care). In the G. minipig, after irradiations of 1.6–2.0Gy, blood pancytopenia was observed for several weeks (Figure 2).
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Occurrence and duration of cytopenia, extent of nadirs and onset of hematopoietic recovery at the LD50/30 have been used in radiation biology as a classic parameter of comparison among species. For the G. minipig, at the LD50/30, the time of nadir and the duration of cytopenia resemble those observed for NHP and canines, and mimic closely the kinetics of blood cell depletion and recovery in human patients with reversible hematopoietic damage (H3 category, METREPOL approach) (Table 3). 
 2.3.2
Multi-organ failure 

Animals euthanized based on preset morbidity criteria displayed signs of multi-organ dysfunction, including widespread internal hemorrhage (Figure 3) and alterations in organ function reflected in altered vital signs, hematology, blood chemistry, and inflammatory markers (Table 4).
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No signs of GI damage in terms of diarrhea or shortening of villi were observed at doses up to 1.9 Gy. Blunting and fusion of villi were observed at doses 2.0-5.0 Gy, yet the crypts underneath appeared normal (Figure 4).

Citrulline loss and bacterial translocation was absent or minimal (3-5.0 Gy) (data not shown).  
2.3.2
Biodosimetry  
Platelet counts at days 10 and 14, number of days to reach critical platelet values, duration of thrombocytopenia, neutrophil stress response (elevated number of neutrophils in the blood) at 3 hours and count at 14 days, and CRP-to-platelet ratio were correlated with survival (Table 5). The ratios between neutrophils, lymphocytes and platelets were significantly correlated with exposure to irradiation at different time intervals (Figure 5).
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Circulating C-reactive protein (CRP), a marker for inflammation, became elevated within hours after irradiation, subsided after several days, and increased again after 14 days. (Figure 6 Rad Res). 
Dose, time-dependence and sensitivity of gamma-H2AX foci, a marker of double strand breaks, mimics very closely what observed in humans (unpublished data). 
2.3.2
Microbiology  

Sepsis was confirmed in a minority of the animals (Table 6); traces of bacterial contamination (not reported) were found in the peripheral blood samples of some of the animals that may be associated with environmental collection contamination rather than bacteremia. 
3.0
conclusions 

We conclude the Gottingen minipig may prove to be a suitable large animal model for studies of ARS and advanced development of radiation countermeasures. Recent studies in our laboratory reporting the efficacy of G-CSF in mobilizing hematopoietic progenitor stem cells, reducing duration of neutropenia, and improving survival additionally confirm the validity of the model for the hematopoietic sub-syndrome of ARS. 
Table 1: Hematology - normal ranges in human, G. Minipig, dogs and NHPs.
Values were from Ellegaard Gottingen Minipigs A/S (minipig supplier); AFRRI housed minipigs; Hoffman et al, Haematology, 2000 (Human); Marshall Bioresources, 2008 (canine supplier); Dept Exp Neurol, Charité - Universitätsmedizin Berlin (Rhesus)


	
	WBCs (x1,000/l)
	ANCs (x1,000/l)
	Lymphocytes (x1,000/l)
	Platelets (x1,000/l)

	G. Minipig (male, 3 months)
	7.2 – 16.5
	1.36 – 9.27
	5.33 – 12.35
	413 - 684

	AFRRI G. Minipig
	10.59+/- 1.6
	4.63 +/- 1.46
	5.22 +/- 0.77
	517 +/- 94

	Human (21 yrs)
	4.5 – 11.0
	1.8 – 7.7
	1.0 – 4.8
	150 - 400

	Canine (12+ months)
	6.0 – 19.5
	1.8 – 16.6
	0.7 – 11.7
	140 - 850

	Non human Primate (rhesus)
	5.0 – 21.1
	1.3 – 6.0
	3.5 – 8.25
	259 - 734


Table 2: Hematopoietic syndrome: observed clinical signs and symptoms.
[15]

	
	
	Prodromal phase (2-48 hours)
	Latent phase (hours to 10-14 days)
	Manifest phase (>1-2 weeks)

	Cerebrovascular signs
	Fever
	Mild (38-39C)
	----
	yes

	
	Fatigue, weakness, disorientation
	Mild
	----
	yes

	Haematopoietic changes
	Lymphopenia
	Severe
	Severe 
	Recovery starts around 17 days

	
	Granulocytopenia
	Granulocytosis
	Moderate
	Nadir around 17 days, recovery starts around 23 days

	
	Thrombocytopenia
	----
	Moderate
	Nadir around 17 days, recovery starts around 23 days

	Gastrointestinal Symptoms
	Stools
	----
	Dry/normal
	Dry/normal

	
	Vomiting/retching
	----
	----
	----

	
	Abdominal Pain/nausea
	----
	----
	----

	
	Anorexia/no weight gain
	----
	Mild
	Yes

	Skin changes
	Erythema*
	Mild
	Mild-moderate
	Mild-moderate

	
	Petechiae
	----
	Mild
	Severe

	
	Pruritus
	----
	Occasional
	----

	
	Desquamation
	----
	Occasional
	Occasional

	
	Rough Hair coat
	Mild
	Occasional
	Mild

	Blood losses/ haemorrhages
	Melena
	----
	----
	Occasional

	
	Nostrils, mouth, eyes
	----
	----
	Often

	*Erythema: redness is observed transiently, followed by flaking
	


Table 3: Compiled published data for hematological dynamics in irradiated human victims, NHPs, canines and minipigs [9]

	 
	Dose
	Thrombocytopenia
	Neutropenia

	 
	Gy
	Rate
	Type
	Nadir 
	Duration 
	Recovery
(onset)
	Recovery
(Full)
	Nadir 
	Duration 
	Recovery
(onset)
	Recovery
(Full)

	Human
	H3 
(haematopoietic recovery possible)
	3-4 
weeks
	2-3 
weeks
	>5 weeks
after exposure
	~2 mo
	2-3 
weeks
	2-3
 weeks
	4-5 weeks
after exposure
	~6-8 
weeks

	Minipig  Gottingen 
	2
	0.6 Gy/min
	Co-60 Gamma
	16d
	 ~2 
weeks
	~3-4 weeks
after exposure
	>2 mo
	18d
	1-2 
weeks
	~3-4 weeks
after exposure
	>2 mo

	NHP 
Rhesus
	5
	<50-500 msec pulse 
	TRIGA reactor 
(1:1 neutron gamma)
	13d
	10-12 d 
	~15d
	32d
	~11-13d 
	16.5
	~17d
	~24d

	
	7
	0.4 Gy/min
	Co-60 Gamma
	12d
	12
	16d
	 
	15d
	14.8
	18d
	~20d

	
	6
	13 cGy/min
	x-ray
	 
	~7d
	 
	~18d
	 
	~19
	 
	~24d

	
	7
	0.2- 0.4 Gy/min
	Co-60 Gamma
	15d
	12-20d
	~16-18d
	> 40d
	6d
	~15
	~17d
	24d

	NHP

Baboon 
	5
	5.5 Gy/~3 min 
	Pulsed reactor 
(Neutron: gamma=5.5)  
	13d
	 
	 
	25d
	 
	 
	 
	 

	Canine  
Beagles 
& others 
	2-4
	0.04-.0.1 Gy/min
	X-Ray
	~20d
	 
	 
	> 35-45d
	~14-17d
	~17 d
	~17-20d 
	~35-45 

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	2
	0.065 Gy/min
	
	12d
	~10d
	~22d
	~38d 
	~18d
	 
	~22d
	45


Table 4a: Status at necropsy for animals irradiated with 1.6 – 2.0 Gy (Cobalt-60, 0.6 Gy/min, TBI): body temperature and haematological dysfunction. 


	Dose 
(Gy)

	Survival 
(days)

	Temperature 
(° C)

	WBC* 

	RBC* 

	HCT
 (%)

	PLT* 

	Neutrophils* 

	Lymphocytes*  


	1.6

	60

	37.3

	6.02

	7.5

	44.4

	288

	1.67

	3.94


	1.6

	60

	38.2

	6.02

	7.79

	40.9

	215

	2.1

	3.59


	1.6

	60

	37.9

	4.93

	7.18

	33.7

	303

	2.76

	1.88


	1.6

	60

	37.6

	2.54

	4.55

	29.6

	95

	0.67

	1.68


	1.6

	30

	38.1

	3.54

	2.96

	16.2

	7

	0.33

	3.13


	1.7

	30

	38.66

	1.99

	5.49

	24.6

	3

	0.56

	1.38


	1.7

	30

	37.2

	3.07

	3.86

	17.9

	9

	0.78

	2.17


	1.7

	30

	37.6

	1.7

	3.52

	18.3

	5

	0.34

	1.32


	1.7

	30

	38.1

	3.39

	6.16

	34.1

	61

	1.72

	1.5


	1.8

	30

	38.1

	2.01

	4.7

	22

	17

	0.62

	1.32


	1.8

	30

	38.8

	1.39

	4.51

	18.5

	11

	0.36

	0.98


	1.6
	29
	38.3
	2.29
	2.11
	11.8
	3
	0.53
	1.68

	1.7

	15

	38.1

	0.71

	1.95

	9

	1

	0.04

	0.64


	1.7

	15

	39.6

	1.03

	5.71

	27.4

	4

	0.09

	0.9


	1.8

	23

	38

	2.17

	8.31

	39.7

	6

	0.12

	1.96


	1.8

	16

	39.6

	1.1

	2.72

	12.3

	1

	0.03

	1.03


	1.8

	17

	39.5

	0.55

	2.99

	13.9

	1

	0.04

	0.49


	1.8

	19

	40.5

	0.9

	7

	32.3

	7

	0.21

	0.67


	1.9

	27

	37.6

	1.25

	2.27

	11.4

	3

	0.19

	1.01


	1.9

	14

	39.5

	0.61

	3.54

	16.2

	1

	0.04

	0.55


	1.9

	15

	40.5

	0.43

	6.77

	28.7

	1

	0.03

	0.38


	1.9

	23

	39.4

	1.57

	2.9

	13.6

	4

	0.44

	1.06


	1.9

	22

	40.4

	0.85

	2.65

	12.9

	2

	0.04

	0.78


	1.9

	21

	40.4

	0.5

	2.91

	13

	1

	0.03

	0.45


	2.0

	15

	38.7

	0.43

	6.38

	28.3

	8

	0.03

	0.39


	2.0

	18

	35.1

	0.38

	1.06

	6

	9

	0.1

	0.18


	2.0

	18

	34.7

	0.82

	1.61

	8

	7

	0.11

	0.59


	2.0

	20

	39.4

	0.39

	4.45

	21.2

	3

	0.03

	0.35


	2.0

	14

	38.9

	1.36

	4.15

	17.2

	3

	1.14

	0.17


	*Blood cell count: x1,000/ microliter



	
	
	
	
	
	
	

	Table 4b: Status at necropsy for animals irradiated with 1.6 – 2.0 Gy (Cobalt-60, 0.6 Gy/min, TBI): cardiovascular, respiratory, renal and neurological dysfunction. 

Dose 
(Gy)

Survival 
(day)

Heart Rate
(bpm)

Respiration Rate 
(bpm)

Cardiac hemorrhages

Pulmonary hemorrhages

BUN

Meningeal and intracerebral
hemorrhages

1.6

60

100

28

--

--

8

--

1.6

60

100

28

--

--

11

--

1.6

60

80

28

--

perivascular 
fibrosis (marked)

8

--

1.6

60

80

20

--

--

9

--

1.6

30

120

32

+

+

n/a

--

1.7

30

104

32

+

+

8

+

1.7

30

100

36

--

--

n/a

--

1.7

30

120

48

--

--

n/a

--

1.7

30

124

44

--

--

n/a

--

1.8

30

96

24

--

--

8

--

1.8

30

120

48

n/a

n/a

n/a

+++

1.6

29

140

24

+

--

n/a

+

1.7

15

90

28

n/a

n/a

n/a

n/a

1.7

15

160

24

--

--

n/a

--

1.8

23

132

20

++

+++

8

+

1.8

16

156

42

+++

pneumonia

6

+
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Table 5a: Spearman rank correlation () of platelet-based parameters with survival in 30 minipigs irradiated at haematopoietic doses [9]


	Survived
	Counts/nL
	Counts/nL
	Counts/nL
	Days to reach
	Days to reach
	Days to reach
	No. of days with 

	 
	at 7 day
	at 10 day
	at 14 day
	300 plt/nL
	20 plt/nL 
	nadir
	<20 plt/nL

	median
	304
	53.5
	6
	7
	12
	17
	1.5

	min
	110
	20
	3
	4
	10
	14
	0

	max
	344
	134
	30
	8
	17
	23
	4

	Not-survived
	 
	 
	 
	 
	 
	 
	 

	median
	188
	18
	3
	5
	9.5
	14
	4

	min
	119
	3
	1
	3
	9
	10
	2

	max
	278
	55
	7
	6
	11
	17
	4

	ρ
	0.49
	0.627
	0.64
	0.6
	0.62
	0.61
	-0.66

	p value
	0.049
	0.0006
	0.0002
	0.001
	0.0008
	0.0009
	0.0001

	Plt: platelets; p value (Student's T-test)


Table 5b: Spearman rank correlation () of ANC count- and CRP-based parameters with survival in 30 minipigs irradiated at haematopoietic doses [9]


	Survived
	ANC Counts/µL
	ANC relative increase
	No. of days
	 
	CRP-to-plt ratio

	 
	at 14 day
	 at 3hr
	<0.5 ANC/µL
	 
	10 day
	14 day

	median
	0.9
	1.58
	0
	 
	0.3
	2.6

	min
	0.4
	1
	0
	 
	0.1
	0.4

	max
	2.7
	3.4
	1
	 
	1.1
	7.1

	Not-survived
	 
	 
	 
	 
	 
	 

	median
	0.335
	2.75
	0
	 
	1.2
	9.7

	min
	0
	1.2
	0
	 
	0.3
	2

	max
	1.1
	10
	3
	 
	8.5
	68

	ρ
	0.569
	-0.58
	-0.19
	 
	-0.65
	-0.61

	p value
	0.002
	0.001
	 
	 
	<0.001
	0.001

	ANC: absolute neutrophil counts; CRP: C-reactive protein; CRP:plt : CRP-platelets ratio; p value (Student’s T-test)


Table 6:  Microbiological status of irradiated minipigs.
Blood samples were collected before and after irradiation, at the indicated time points. Sample tissues were collected at the time of scheduled euthanasia
	Blood samples
	1.6 Gy
	2.0 Gy
	Tissues
	1.6 – 2.0 Gy

	
	Aerobic
	Anaerobic
	Aerobic
	Anaerobic
	
	

	-1 day
	0/3
	0/3
	0/4
	0/4
	Wound
	1/9

	+7 days
	0/3
	0/3
	0/4
	0/4
	Lungs
	1/9

	+14 days
	0/3
	0/3
	1/4
	1/4
	Liver
	1/9

	+23 days
	0/3
	0/3
	n/a
	n/a
	Spleen
	1/9

	+45 days
	1/3
	2/3
	n/a
	n/a
	Heart
	0/9

	Necropsy
	0/3
	0/3
	1/4
	1/4
	Intestine
	Many normal faecal flora
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Figure 1: Dose response curves for bilateral gamma-irradiation (Cobalt-60, 0.6 Gy/min).


Survival was plotted as Kaplan-Meier curves (A); probit analysis was used to fit survival curves and calculate dose-response (B) and confidence intervals (C) [9]








Figure 2: Ranges of blood cell loss and recovery after irradiation (TBI, Co-60, 0.6 Gy/min).


Graphs represent the minimum and maximum blood cell values observed over time from 30 animals irradiated with doses ranging from 1.6 to 2.0 Gy (6 animals per dose). [9]

















Figure 6: Levels of CRP measured by ELISA on plasma samples from minipigs irradiated with doses 1.6-2.0 Gy.


Data were pooled by survival period: 30 days (white diamonds) and <30 days (black circles). Data include animals irradiated at the LD70/30 and receiving daily saline injections for 17 days. Day 0: samples were taken 7 hours after irradiation.





Figure 5: Biodosimetric potential of hematological parameters ratios.


Panel A: neutrophil-to-lymphocyte; panel B: neutrophil-to-platelets; panel C: platelet-to-lymphocytes. Ratios were calculated for sham-irradiated animals (white symbols, n=4), and for animals irradiated with 1.6 to 2.0 Gy (black symbols, n=30).  Asterisks (*) indicate statistically significant difference between groups (Student’s T-test) [9].  Day 0 represents 3 hours after irradiation.











Figure 4: Histopathology of crypts and villi in the duodenum of irradiated minipigs (1.6 – 2.0 Gy, Co-60, 0.6 Gy/min, TBI).


Panel A: 1.6 Gy; panel B: 1.9 Gy; panel C: 2.0 Gy. Villar length, epithelial morphology, crypt number and morphology are within normal range through doses of 1.9 Gy. At 2.0 Gy, villi are blunted and fused (asterisk); underlying crypts (arrows) have piled epithelium and are occasionally tortuous, however there is no apparent loss of crypts. [9]








Figure 3: Gross pathology and histopathology (TBI, Co-60, 0.6 Gy/min). Organs from sub-lethally irradiated animals: panels A (intestine), B (heart/lungs), G (bone marrow). Organs from lethally irradiated animals: panels C (intestine), D (hearth/lungs), E (brain), F (lungs), H (bone marrow) [15].
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