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Abstract 

The dicentric chromosome assay is the “gold standard” in radiation biological dosimetry but should be used carefully in inhomogeneous exposures. This assay may not be capable of distinguish partial-body irradiations (PBI) from their total-body irradiation (TBI) equivalent. In this study, baboons were irradiated to assess the reliability of the dicentric chromosome assay in distinguishing PBI from TBI when equivalent whole-body doses are similar and the time of exposure is sufficient for peripheral blood homogenization. Anesthetized Papio anubis were unilaterally exposed to gamma-rays as follows: 5 Gy TBI and partial-irradiated equivalents (10 Gy 50% PBI, 7.5 Gy / 2.5 Gy TBI, 6.25 Gy 80% PBI and 5.55 Gy 90% PBI); 2.5 Gy TBI and it’s equivalent 5 Gy 50% PBI. Blood samples were collected before exposure and from six hours until 200 days after irradiation. Dicentric frequency was determined for at least 150 lymphocytes per sample. This study was approved by the Army Medical Service Ethics Committee. Our scoring results show that 2.5 Gy TBI is not distinguishable from the equivalent 5 Gy HBI in terms of dicentric frequency and distribution 24 hours post-exposure. Furthermore, for 5 Gy TBI, the equivalent HBI and PBI doses have a decreased dicentric frequency most likely due to increased cell death, which is another potential confounding factor. The frequency of other types of aberrations like rings and acentric fragments are also being considered to maximize the information. The cytogenetic data analyzed until now points to the need of more biodosimeters / biomarkers for a more reliable discrimination.
1.0 INTRODUCTION
Accidental irradiations are often inhomogeneous [1] and the potential malevolent use of improvised nuclear devices or radiological dispersal devices also increases the likelihood of heterogenous exposures [2]. The dicentric chromosome assay has been used for biological dosimetry since the early 1960s [1].  Considered to be the most specific and most sensitive for short-term biological dosimetry it is currently the “gold standard” [3]. However, despite the development of statistical data analysis to estimate the heterogeneity of exposure [4], [5], this technique still reveals to be more reliable estimating TBI than PBI [6]. A better knowledge of absorbed dose and dose distribution is important as the medical care required for TBI situations may not be appropriate for PBI [7].
Previous studies on PBI were mostly performed in vitro [8] or irradiating animal models that, being considerably smaller than humans [6], [9], did not take into account the added heterogeneity of exposure induced by corpulence. Here we report our efforts to determine the reliability of the dicentrics assay in the discrimination of TBI from several dose-equivalent PBIs, using a highly relevant nonhuman primate model: the adult baboon. 

2.0 MATErials and Methods

Fourteen adult male baboons (Papio anubis) were anesthetized and 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.  All baboons were treated in compliance with the European legislation related to animal care and protection in order to minimize pain and damage and the study was approved by the French Army Animal Ethics Committee (No 2010/12.0). More details about animal management and exposure conditions can be found in the work of Herodin et al., 2012 [7]. Blood samples were collected before irradiation and at different times after exposure, until 200 days. 

Blood from two animals was also irradiated in vitro at 2 Gy and 5 Gy using 60 Cobalt gamma-rays (dose rate 8 cGy/min) to establish a dose-effect reference.
Whole blood (0.5 mL in quadruplicate) was cultured according to IAEA recommendations [10] in 4.5 mL RPMI 1640 medium supplemented with 10% fetal bovine serum (Invitrogen Life Technologies, Carlsbad, New Mexico), sodium pyruvate (1 mM), HEPES (10 mM), phytohemagglutinin and interleukin 2 (100 IU.mL-1, both Invitrogen), antibiotics and incubated at 37°C for 48 h. After 24 h of culture, mitotic arrest was induced by adding colcemid (0.25 µg.mL-1). At the end of the culture, lymphocytes were treated with a prewarmed (37°C) hypotonic solution of KCl (75 mM) for 10 min and fixed using acetic acid:methanol (1:3). Lysed cell preparations were spread on slides that were air-dried and then stained with Giemsa. Metaphases capture and manual dicentric scoring were performed using the MetaSystems (Altlussheim, Germany) imaging platform and software. For sham-irradiated blood 1904 to 4674 cells were scored and 160 to 500 metaphases were scored for irradiated conditions.

U-test heterogeneity calculations and Dolphin PBI estimations were performed as recommended by the IAEA [10].
3.0 Results 

3.1 In vivo dose effect curve

A curve expressing the dose-effect relationship was established with the dicentric frequency of the 0 Gy, 2.5 Gy TBI and 5 Gy TBI, one day post exposure and used as a reference for the partial body exposure calculations.
In Fig.1 these data are compared with the curve of the same in vivo irradiations 28 days post exposure as well as similar in vitro irradiation results (0 Gy, 2 Gy and 5 Gy). The in vitro irradiations produced a very similar curve to the in vivo one-day-after-TBI reference. On the other hand, the dose-effect relationship changed considerably 28 days after in vivo exposure: the frequency of dicentrics slightly decreases for 2.5 Gy (from 0.35 to 0.28), but it was reduced to less than half for 5 Gy (1.12 to 0.5).
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	Fig. 1 – Dose-effect relationships. Each value represents the mean score of two animals. 


3.2 Kinetics of dicentric frequency and heterogeneity estimations

One day after exposure, 2.5 Gy TBI and its 5 Gy HBI counterpart have equivalent dicentric frequencies. However, at this stage, only one of the two 5 Gy HBI baboons presented a significantly over dispersed dicentric frequency (u value = 5.63), indicating a partial irradiation (Table 1). 
	Table 1 – Comparison of TBI exposures (2.5 Gy and 5 Gy) with different heterogeneous equivalent irradiations. Each condition was administrated to two animals. The heterogeneity calculations have been performed using the u-test and Dolphin method.

	Dose
	Baboon
	Dicentric frequency
	Heterogeneity calculations

	2.5 Gy TBI
	659
	0.33
	No significative over dispersion

	2.5 Gy TBI
	661
	0.36
	No significative over dispersion

	5 Gy HBI
	655
	0.38
	No significative over dispersion

	5 Gy HBI
	657
	0.33
	70.53% of the body exposed to 4.02 Gy

	5 Gy TBI
	646
	1.01
	No significative over dispersion

	5 Gy TBI
	656
	1.23
	No significative over dispersion

	5.55 Gy 90%PBI
	666
	0.68
	86.38% of the body exposed to 5.03 Gy

	5.55 Gy 90%PBI
	667
	0.97
	90.97% of the body exposed to 5.84 Gy

	6.25 Gy 80%PBI
	658
	0.95
	88.78% of the body exposed to 6.22 Gy

	6.25 Gy 80%PBI
	665
	0.62
	80.55% of the body exposed to 5.52 Gy

	10 Gy HBI
	660
	0.27
	55.69% of the body exposed to 5.26 Gy

	10 Gy HBI
	662
	0.46
	70.31% of the body exposed to 5.89 Gy

	7.5/2.5 Gy TBI
	663
	1.12
	No significative over dispersion

	7.5/2.5 Gy TBI
	664
	1.06
	No significative over dispersion


In this work, 5 Gy TBI was compared to several potentially confounding partial irradiations. The 10 Gy HBI counterparts have less than a third of the dicentrics of 5 Gy TBI 24 hours after irradiation. Even though the partiality of the exposure was detected, Dolphin’s method greatly underestimated the dose delivered to the irradiated fraction: the highest dose of the 95% confidence limit being of 6.62 Gy for the baboon number 662. 

80% PBI  and 90% PBI are undistinguishable from each other in terms of dicentric frequency and Dolphin estimations. However, both conditions are distinguishable from the 5 Gy TBI equivalent and their estimated irradiated fraction and corresponding dose are closer to the actual exposure conditions than the estimations for 10 Gy HBI.

None of the homogenous TBI conditions (neither 2.5 Gy nor 5 Gy) resulted in significantly over dispersed dicentric frequencies 24 hours post-irradiation. On the other hand, the heterogeneous exposure 7.5/2.5 Gy TBI did not present a significantly over dispersed dicentric frequency either.
After 28 days, frequency dispersion increases in all conditions and the u-test suggests partial exposure even for the homogeneous irradiations. 
The ongoing study has additional time points, earlier than 1 day: 1h and 6h post-exposure. Preliminary scoring results show a generally lower dicentric frequency and higher intra-individual difference for these times. Moreover, the corresponding u-values only started suggesting a partial exposure for some of the HBI conditions at 6h.
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	Fig. 2 – Dicentric frequency 1 and 28 days post-irradiation. Each column represents the mean of the score of two animals and the error bars represent their individual values.


 4.0 Discussion

In this work we investigated the reliability of the dicentric assay in distinguishing a partial- from an equivalent total-body irradiation in a baboon model. 
4.1 In vivo dose-effect curve

A dose-effect reference was necessary to estimate the fraction of irradiated cells in PBI and the dose absorbed by this fraction of cells. Currently, we had as many in vitro conditions to establish a curve as TBI conditions to study (three), so it was decided to use the TBI (in vivo) results as a reference. Because, ideally, a dose-effect curve should have more doses, in vitro irradiations and scoring are ongoing to achieve a more complete dose-effect relationship. Additionally, the same PBI exposure conditions will be performed in vitro to compare to these in vivo results in future studies. This will give an important perspective on the state of the art of dosimetry using the dicentric assay, as the majority of partial exposure studies are based on in vitro irradiations and/or use in vitro dose-effect references. To our knowledge, our current work will be the first to compare PBI vs TBI in a large animal model, in vitro and in vivo.
4.2 Kinetics of dicentric frequency and heterogeneity estimations

The dicentric frequencies of samples taken before 24h (1h and 6h post-exposure) revealed to be less reliable to detect partial-irradiations. This is consistent with the results of Tamura et al. on cancer patients, where it is determined that the lymphocytes in the circulating and extravascular pools do not reach equilibrium until 24 hours after partial-body or non-uniform exposures [11]. On the other hand, since cells with dicentrics undergo strong negative selection during mitosis [12], samples taken 28 days or later showed a considerable decrease in dicentric frequency. This is coherent with the work of Brewen et al., where it was observed that about four weeks after exposure aberration yields decrease, causing greater uncertainty in any estimates of the radiation dose [13].
The heterogeneous TBI exposure studied here (7.5/2.5 Gy) was not detected by the u-test at 24 hours post-exposure. This is logical considering that no bone marrow was spared in this case. Furthermore, it is important to consider the exposure heterogeneity resulting from the sheer corpulence of the animals used here: the u-test detected no heterogeneity for 5 Gy TBI at 24 hours either, when physical dosimetry showed that the dose delivered to the chest (entry point) was 6.3 Gy, and only 2.1 Gy at the back (exit point). 

Dolphin’s method underestimated the dose delivered to the irradiated fraction. In future studies the calculations will be re-processed using an in vitro dose-effect reference with more points to determine if that improves estimation accuracy. 

5.0 conclusion
For our current baboon model and in vivo dose-effect reference, the dicentric assay on its own was able to discriminate TBI from equivalent PBI from 50% and up to 90% 24 hours after exposure. However, a heterogeneous 7.5/2.5 Gy TBI was not detected and the PBI vs TBI discrimination using the u-test was not possible 28 days after exposure or later. Our results underline the importance of using other biological parameters to overcome these limitations of the dicentric assay when diagnosing accidentally exposed individuals.
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