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Abstract 

To investigate in irradiated baboons the efficacy of a kinetic multiparameter approach (i.e. clinical, physical and biological dosimetry) for discriminating partial-body irradiation (PBI) and total-body irradiation (TBI) in terms of dose, heterogeneity of radiation exposure and severity of injury. Anesthetized baboons (Papio anubis) were unilaterally (front) exposed to TBI or PBI (i.e. left hemi-body irradiation [HBI], 80% PBI or 90% PBI) using 60 Cobalt gamma-rays (dose rate 8 to 32 cGy/min) as follows: 5 Gy TBI (n=2), 10 Gy HBI (n=2), 7.5 Gy / 2.5 Gy (left and right hemi-bodies respectively) TBI, 6.25 Gy 80% PBI (two legs shielded) and 5.55 Gy 90% PBI (one leg shielded). All these five situations correspond to a 5 Gy equivalent whole-body dose (measured free-in air at the anterior iliac crest level with an ionization chamber). Two other situations, 2.5 Gy TBI (n=2) and 5 Gy HBI (n=2) were studied. Body dosimetry was performed using thermoluminescent dosimeters. For PBI, the dose received by lead-shielded areas was less than 6% that received by exposed body. Blood samples were collected before irradiation and at different times after exposure, i.e. from 1 hour until 200 days. More than 50 parameters were analyzed including clinical status, blood cell count, biochemical parameters. The study was approved by the Army Medical Service Ethics Committee. Statistical analysis used a non linear iterative partial least square (PLS) algorithm. Irradiations where equivalent whole-body doses are similar and the time of exposure is sufficient for peripheral blood homogenization are potentially confounding situations that require a multiparameter approach to distinguish PBI from TBI. Interestingly, the PLS discriminant analysis showed that TBI situations could be distinguished from their dose equivalent PBI. In addition four groups of baboons irradiated to a 5 Gy equivalent whole-body dose were clearly separated. Here, the shielding of as low as 10% bone marrow prevented aplasia from occurring and consequently hematologic parameters contributed to discriminate PBI and TBI. Moreover, parameters such as absolute neutrophil and lymphocyte counts, C-reactive protein and citrullin levels may be discriminating biomarkers of dose. Platelet count, neutrophil count, hemoglobin level and Flt-3 ligand levels could be useful markers of injury. When considering seven potentially confounding situations of irradiation, sequential assessment of clinical and biological status is required for reliable evaluation of radiation heterogeneity and injury. Ongoing international collaborations will contribute to comprehensive interpretation. 
1.0
INTRODUCTION
The nuclear and radiological (NR) threat is still present and the malevolent use of NR agents by terrorists should not be underestimated. Tackling the terrorism remains one of NATO’s key priorities today and the 2010 Strategic Concept for the Alliance commits Allies to enhance the capacity to detect and defend against international terrorism and the threat of CBRN weapons [1].

In this context, different NR scenarios may happen and lead to irradiated and radio-contaminated casualties as well as combined injuries. If most of the documented NR accidents have led to non homogenous radiation dose distribution [2], the use of radiological exposure and dispersal devices would also induce total-body irradiations (TBI) and partial-body irradiations (PBI). However, the medical management of PBI is quite different from that of TBI as residual hematopoiesis is the main limiting factor for recovery. This is why improving biodosimetry tools to early distinguish PBI and TBI remains critical to contribute to better triage, monitoring and management of potentially irradiated victims [3]. This is the goal of this study based on seven different situations of homogeneous and heterogeneous exposures in a radiation baboon model.
2.0
MATERIALS AND METHODS
1.1
Animals

Fourteen adult male baboons weighing 25.5 + 3.9 kg were purchased from CNRS (Rousset sur Arc, France). Baboons were placed in individual cages (21°C, 55% relative humidity, 12h/12h light-dark schedule) and received fresh fruit and solid food twice a day, and had access to water ad libitum. The experiment was approved by the French Army Animal Ethics Committee (No 2010/12.0). All baboons were treated in compliance with the European legislation related to animal care and protection in order to minimize pain and damage.
1.2
In vivo irradiation

The animals were anesthetized with a combination of tiletamine and zolazepam (6 mg.kg-1 intramuscularly, Zoletil 100; Virbac, Carros, France) before irradiation. Then, the baboons were placed in restraint chairs, sitting orthogonally, front to a horizontal and homogeneous field of gamma rays delivered by a 60Co source (IRDI 4000; Alsthom, Levallois, France) to perform either TBI or vertical left HBI or PBI. During HBI, the right side of the body along the mid-craniocaudal axis was blocked using a 20 cm thick lead screen shielding the right half of the collimated radiation flow. The same shielding device was used to perform the 7.5 Gy / 2.5 Gy (left and right hemi-bodies respectively) TBI model. For PBI, the lead screen was placed so as to shield either the left leg (5.55 Gy 90% PBI) or the two legs (6.25 Gy 80% PBI) up to femoral heads (i.e. the iliac crests were exposed as confirmed by dosimeters). Because of a change in 60Co source, the dose rate was 8 cGy.min-1 for 5 Gy TBI and 5 Gy HBI, and 32 cGy.min-1 for all other situations. The mid-line tissue dose in air was measured at the exposed anterior iliac crest level with ionization chamber. Delivered doses were controlled by alumina powder thermoluminescent dosimeters. 
1.3
Clinical dosimetry

Time to onset, severity and duration of clinical signs and symptoms were scored regarding vomiting, erythema, diarrhea, petechiae, hair loss, fever, and body weight loss. Each sign was evaluated at all times studied depending on presence and severity.

1.4
Hematologic evaluations

Complete and differential blood cell counts were performed on a Pentra 120 analyzer (ABX, Montpellier, France) and using May-Grünwald Giemsa stain (Sigma, Saint-Quentin Fallavier, France). Furthermore, coagulation and fibrinolysis factors were evaluated as follows: activated partial thromboplastin time, prothrombin time, thrombin time, fibrinogen level, factor V, Fibrin d-dimer and monomer (Diagnostica Stago, Asnières, France).
1.5
Biochemical parameters

The following plasmatic biomarkers were measured: albumine, total protein, chloride, sodium, potassium, lactate, alanine aminotransferase, aspartate aminotransferase, amylase, creatine kinase (CK), lactico dehydrogenase, alkaline phosphatase, cholesterol, triglycerides, urea, creatinine, glucose, citrullin, Flt3-ligand, Iron, C3c, C-reactive protein, haptoglobin, orosomucoid, transferrin (Hitachi 912 Analyzer, Roche Diagnostics, Meylan, France). Citrulline (CIT) was assessed by high-performance liquid chromatography (Biomnis, Lyon, France) and Flt-3 ligand (FL) using enzyme linked immunoassay (R & D Systems, Abingdon, UK).
1.6
Statistical analysis

Statistical analysis based on soft independent modelling of class analogy using a non-linear iterative partial least square discriminant analysis was carried out on the whole kinetic study (SIMCA Version 11.5, Umetrics, Umea, Sweden).

3.0
RESULTS

3.1 Physical dosimetry

The body dosimetry showed an average gradient of dose distribution front-to-back equal to 2.9 +/- 0.6 for TBI, PBI and the exposed side of HBI (Table 1). For HBI and PBI, the dose delivered to the shielded body volume was roughly 6% of that delivered to the exposed body volume.

3.2 Global statistical analyis

Partial least square discriminant analysis applied to the whole of the clinical and biological data showed that four groups of baboons irradiated to a 5 Gy equivalent whole-body dose (i.e. 5 Gy TBI, 10 Gy HBI, 6.25 Gy 80% PBI and 5.55 Gy 90% PBI) were clearly separated (Fig. 1a). Moreover, 5 Gy TBI, 10 Gy HBI, 2.5 Gy TBI and 5 Gy HBI could also be distinguished (Fig. 1b).
3.3 Clinical signs and symptoms

Vomiting was observed after TBI and 5.55 Gy 90% PBI, and the time to onset was between 2 h and 3 h. Transient petechiae appeared from day 15 in TBI animals. Due to severe anemia and neutropenia (absolute neutrophil count [ANC] < 0.5 x 109.L-1), one baboon in 7.25 Gy / 2.5 Gy TBI group died on day 25 despite two transfusions of irradiated fresh blood at 18 and 22 days, and antibiotic treatment. Moderate signs of diarrhea were observed in most of the animals from day 3 to day 5. In addition, after 10 Gy HBI, erythema occurred on the exposed thorax, arms and legs (day 4 to day 6) followed by durable hair loss from day 18 onward. Signs of depilation were also seen from day 22 on the body surface exposed to 7.25 Gy. Body weight loss was between 8 to 18% in 10 Gy HBI animals but only 4 to 10% in the other groups. By contrast, fever was not a discriminating sign at any time in the different groups.

3.4 Biomarkers of dose and damage

The kinetics of ANC, absolute lymphocyte count (ALC), platelet count, hemoglobin and Flt-3 ligand (FL) levels are shown in Fig. 2 a-e. As expected, an early peak of ANC which was linked to radiation-induced inflammation occurred at 6 h until 2 d after irradiation for all situations (Fig. 2a). A concurrent dose-dependent ALC decline reflected the high lymphocyte radiosensitivity (Fig. 2b). Consequently the ANC to ALC ratio (data not shown) peaked at 6 h with a rebound at 24 h. Furthermore, only TBI animals showed a phase of cytopenia which consisted of a short nadir of neutropenia, a longer period of thrombocytopenia (i.e. platelet count lower than 50 x 109.l-1 from day 8 to day 24; Fig. 2c) and anemia (i.e. hemoglobin lower than 100 g.l-1 from day 11 to day 35; Fig. 2d). A high increase in FL level (Fig. 2e), a relevant marker of BM aplasia [4], was also observed in TBI animals. Interestingly, the hematologic evolution of the two groups of PBI baboons resembled that of TBI animals until day 10 before showing a rapid hematologic recovery and a moderate increase in FL level consistent with the level of BM protection. HBI baboons did not undergo any signs of aplasia and no FL increase. Fibrinogen levels increased early but rather independently of HBI versus TBI exposure. Moderate and transient activation of both coagulation and fibrinolysis was observed in all groups (data not shown).

As expected, C-reactive protein (CRP) peaked at 1 d (Fig. 3a) in all baboons. The increase in CRP level appeared higher for 5 Gy TBI and 7.25 Gy / 2.5 Gy TBI than for 2.5 Gy TBI. Regarding amylase level (Fig. 3b), an early dose independent increase was seen, but 10 Gy HBI had the higher impact on amylase levels. Creatine kinase (CK) level increased at 12 h and returned to base line after day 7 (Fig. 3c), and did not seem to be correlated with the equivalent whole-body dose received. Moreover, as a biomarker for small bowel epithelial cell mass, plasma citrulline (CIT) level showed a deeper decrease for 5 Gy equivalent whole-body doses than for 2.5 Gy equivalent whole-body doses. Nevertheless, this marker did not separate different PBI and TBI for the same equivalent whole-body dose (Fig. 3d).
4.0 DISCUSSION

The present study was aimed at investigating the efficacy of a multiparameter approach, including clinical and physical but primarily biological parameters that could be useful for assessment of irradiation dose and exposure heterogeneity (the dicentric chromosome assay will be presented separately). The adult baboon was used as a highly relevant human model [5, 6] and unilateral irradiation was chosen as the model for accidental exposure. Here we present five situations equivalent to 5 Gy and two situations equivalent to 2.5 Gy, in terms of damage to the bone marrow (BM). Whether it is possible to discriminate PBI and TBI in such radiation exposures where equivalent whole-body doses are similar and the time of exposure is sufficient for peripheral blood cell homogenization, is a crucial issue. Indeed, the use of radiological exposure and dispersal devices by terrorists would lead to an unpredictable ratio of TBI and PBI. Therefore there is a need to optimize the triage of homogeneous and heterogeneous exposures in order to rapidly provide each irradiated victim with the appropriate medical management. Until now, PBI modelling has mainly been based on in vitro systems [7, 8] or use of small animal models [9, 10], which cannot account for the complexity of human response to irradiation mainly because of the intrinsic heterogeneity due to the body thickness. A recent biodosimetry study using a rhesus macaque model of irradiation investigated a broad range of TBI doses from 1 Gy to 8.5 Gy [8, 9, 11, 12] which allowed the authors to select serum amyloid A protein, CRP, IL-6, FL, ANC to ALC ratio and gamma-H2AX foci as relevant biodosimeters in this homogeneous radiation context. Our study was more challenging because we aimed at identifying plasmatic biomarkers capable of discriminating PBI and TBI in only a 2-fold range of equivalent whole-body doses. In other words, our goal was to find markers of irradiation heterogeneity more than markers of radiation dose.

One baboon in the 7.25 Gy / 2.5 Gy TBI group died on day 25 from severe anemia and neutropenia which is consistent with a hematologic LD50 in the baboon close to 5 Gy. Clinically, all TBI animals showed early and transient vomiting and then underwent a phase of aplasia anticipated by signs of petechiae whereas PBI animals did not, even those with only 10% of protected BM. These results confirm that in the LD50/60 days range, residual hematopoiesis is the limiting factor for clinical recovery. However, a threshold of spared hematopoietic tissue for preventing aplasia has previously been shown since in 5 Gy irradiated macaques, a shielding of only 5-7% of BM led to a level of aplasia similar to that in TBI monkeys [13]. Residual hematopoiesis is best evaluated by the assessment of hematopoietic and stromal BM progenitor cells. Here, kinetics of different types of BM colony-forming units from exposed and shielded humerus was carried out and results are ongoing. Logically, hematologic parameters proved to discriminate PBI and TBI. In fact, if ANC, ALC and ANC to ALC ratio may be used as early bioindicators, ANC, PLT count, Hb and FL levels gave later prognostic information that could be very useful between day 10 and day 21 post-irradiation for the sequential clinical re-evaluation of heterogeneously exposed individuals.

Regarding non-hematologic parameters, the difficulty to identify discriminating biodosimeters is related to the study of confounding situations of irradiations for which no specific organ was targeted. Moreover, a significant difference between our baboon radiation model and the monkey model developed at the Armed Forces Radiobiology Research Institute [8, 9, 11, 12] is the use of a unilateral irradiation in our case versus a bilateral irradiation in the second case. Our model led to less uniform total-body exposures, mimicking the intrinsic heterogeneity due to the body thickness which is more consistent with documented radiation accidents [2]. Nevertheless, this context complexifies the distinction between TBI and PBI. The early increase in CRP level appeared higher for 5 Gy TBI and 7.25 Gy / 2.5 Gy TBI than for 2.5 Gy TBI. Moreover, CIT level showed a deeper decrease for 5 Gy equivalent whole-body doses than for the 2.5 Gy counterparts. However, the narrow range of variation observed and/or the overlapping of values made CRP and CIT not relevant to separate PBI and TBI. Furthermore, the fact that amylase levels were most impacted after 10 Gy HBI may be related with pancreas irradiation as irradiation was delivered to the left side of the body.

A separate article will present the results and discuss the interest of the dicentric chromosome assay to account for TBI and PBI. From the present study, it appears that dose, dose distribution and damage could only be evaluated by use of a multiparametric and integrative approach with the help of early and delayed clinical and biological dosimetry.
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Fig. 1. Score plot derived from the clinical and biological data using partial least square discriminant analysis. A: Four groups of baboons irradiated to a 5 Gy equivalent whole-body dose (i.e. 5 Gy TBI [black circle], 10 Gy HBI [black triangle], 6.25 Gy 80% PBI [grey square] and 5.55 Gy 90% PBI [grey triangle]) were compared and appeared clearly separated. B: Four other groups (5 Gy HBI [grey square], 5 Gy TBI, 2.5 Gy TBI [grey diamond] and 10 Gy HBI; R2Y=0.99, Q2Y=0.75) were compared and appeared clearly separated.

[image: image1.png]PLS-DA

a

ES

El

2

2

21

20

25

a0

S

a0

R2x1Ll

a0

= 0,239945

20

Rexiz1

10 o
[}
= o.157125

0

Bllipse: Hotelling T2 (0,95)

El

>e

5 Gy T8I
10 Gy HBI

6,25 Gy 80% PBI
5,55 Gy 90% TBI

SMCAPH 120.1 - 01208-10 14:34:26 (UTCH1)




[image: image2.jpg]21

a

El

2

20

a0

a0

ReX11]

PLS-DA

A
% ¢
A
S 40w ® 48 0 1w w =
w
- o,za0007 Rkt = 0,19298 Eitipse: Hovelling 12 (0,551

5 Gy HBI
5 Gy TBI

2.5 Gy TBI
10 Gy HBI

SMCAPS 11,5 2505011 14:11:35




Fig. 2. Hematologic parameters in baboons exposed to 2.5 Gy TBI (n=2), 5 Gy TBI (n=2), 5 Gy HBI (n=2), 10 Gy HBI (n=2), 7.5 Gy/2.5 Gy TBI (n=2), 6.25 Gy 80% PBI (n=2) and 5.55 Gy 90% PBI (n=2). Mean values are expressed for each pair. A: absolute neutrophil count; B: absolute lymphocyte count. C: platelet count. D: hemoglobin level. E: Flt-3 ligand plasma level.
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Fig. 3. Biochemical plasmatic parameters in baboons exposed to 2.5 Gy TBI (n=2), 5 Gy TBI (n=2), 5 Gy HBI (n=2) and 10 Gy HBI (n=2), 7.5 Gy/2.5 Gy TBI (n=2), 6.25 Gy 80% PBI (n=2) and 5.55 Gy 90% PBI (n=2). Mean values are expressed for each pair. A: C-reactive protein. B: amylase. C: creatine kinase. D: citrulline. 
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Table 1: Physical dosimetry.

a Doses in grays (Gy) are expressed for the two baboons of each pair. 

TLD: alumina thermoluminescent dosimeters.
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