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Abstract. The use of the electron spin resonance (ESR) spectrometry technique for the assessment of pre-dose in irradiated food containing bones still needs additional efforts to obtain more accurate results.  In the present study a different method from the accepted practice is used for the ESR measurements of irradiated bone. In this method the ESR first-derivative spectra of irradiated bones were recorded together with the Mn2+ ESR signal.   In the mixed second-derivative ESR spectrum, the two primary peak heights were measured. The first height (h1) is the peak-to-peak height of g=2.0021 resonance for bones.  The second height (h2) was measured as the vertical separation of the upper peak of the Mn2+ 4th spectral line (g=1.9807) and the lower peak of bones (g=2.0012).  The ratio between these two heights h1/h2 is found to be proportional to the absorbed dose. Improved reproducibility of ESR measurements and dosimetric response properties are achieved by selecting the quantity h1/h2. 

Introduction

The ESR spectrometry method is the most established technique for qualitative and quantitative analysis of irradiated foods containing bones [1-5]. Two methods are mainly used to estimate the initial absorbed dose in irradiated bones. In the first method a calibration curve, obtained from statistical population, is used to assess the absorbed dose [6]. The other method is the dose additive method, in which the original absorbed dose is estimated by additive re-irradiation of bones, followed by back-extrapolation of the ESR dose response function to the negative dose axis [1].

The accuracy of dose assessment in irradiated bones depends on several factors; the reproducibility of ESR measurements [6], mathematical expressions of the dose response curves [7], fading behavior of the radiation-induced free radicals in bones (organic and inorganic components), temperature of irradiation and dose rate effects [8].

Several procedures have been followed to improve the accuracy of dose assessment of irradiated bones. Wieser et al. suggested the removal of the organic component from bone by soxhlet extraction [9]. Ikeya et al. and Sales et al. used a computer simulation of the background ESR signals to subtract the organic signal  from the total first-derivative spectrum of irradiated  bone [10-12]. Bordi et al. used a standardized sample preparation technique and sample positioning in the ESR microwave cavity [6]. 

The present investigation reports on a different method for improvement of the reproducibility of dose estimation of irradiated foods containing bones using ESR spectra. The radiation-induced ESR signal of bone and that of Mn2+ are measured simultaneously, and the ratio between two heights in the combined ESR spectrum is assessed.

The preliminary results presented in this paper are encouraging and confirm the feasibility of this method as a suitable method to the problem of quantitative analysis of irradiated foods containing bones.

Material and Methods

Gamma-ray doses were delivered at ambient temperature using a 60Co Gammacell 220 from MDS-Nordion International (absorbed dose rate in water = 12.7 kGy/h as calibrated by Fricke dosimetry).  The temperature of irradiation was kept almost constant at about 27oC during all irradiations by purging air inside the gamma chamber.

A plastic container made of polystyrene was designed to irradiate bone samples under the conditions of electronic equilibrium and ensure that the bone fragments are placed exactly at the center of the irradiation chamber. The container consisted of a flat circular base and cylindrical chamber attached to it through a vertical column. The chamber consisted of symmetrically and circularly arranged six holes in which bone fragments could be placed.

ESR spectra were performed with a JEOL TE300 X-band ESR Spectrometer, interfaced with computer data acquisition and analysis system. The following operating conditions were employed: modulation amplitude 0.2 mT, microwave frequency 9.4 GHz and microwave power 12.5 mW.   All ESR spectra were recorded at ambient temperature ((25oC), immediately after irradiation.   

During the course of this study all ESR spectra of bones were measured together with the spectrum of Mn2+ in MgO, and the two main peak-to-peak heights (h1 and h2, respectively) were measured for each ESR spectrum. Fig. 1 shows the ESR signals of an irradiated bone to a series of doses with the Mn2( signal superimposed, the heights h1 and h2 and the g-values being indicated.



Fig. 1. ESR spectra of irradiated chicken bones, with MN2+ reference lins super imposed. The respective signal heights h1 and h2 and the g-factors are indicated.

The length and position of the Mn2+ marker inside the ESR cavity was kept constant during all ESR measurements.

Chicken bones from the local market were scraped of excess meat, and fractured to expose the marrow. Bone fragments, taken only from the femur, were dried over silica gel in a vacuum oven at room temperature and left for one week before irradiation. Bone fragments were cut to a height sufficient to fill the height of the microwave resonator ( 3.0 cm length ). On these bone fragments, a mark was placed at one end so that it could be placed repetitively in the same direction in the ESR tube between irradiations.  

A computer software (Table curve, 2D, Jandel Scientific) was used to fit the data.

Results and Discussion

ESR measurements

In quantitative ESR measurements, the peak-to-peak amplitude , h1, of g=2.0021 resonance of irradiated bones is taken as a relative measure of the concentration of the radiation-induced free radicals. The dose response of bones is calculated from the measured peak-to-peak per unit weight of bones, normalized to the gain of the ESR spectrometer (h1 / weight x gain) versus dose. The quantity, h1/ weight, will be referred to as H1.

During the course of this study all ESR spectra of bone were measured together with the spectrum of Mn2+ and two heights, h1 and h2 were determined, and the dose responses of bones were calculated from signal height corrected for gain 

(h1 / gain ) and the ratio h1 / h2 versus dose.

Reproducibility of the ESR measurements

The reproducibility of the ESR measurements of chicken bones exposed to the same dose was determined by considering two sources of error, the first is associated with the measuring process, while the second is concerned with the measurements obtained from different bones exposed to the same dose.  In order to evaluate the reproducibility of the ESR measurements using both quantities H1 and h1/ h2 , one of the ESR tubes containing one bone fragment irradiated to 2 kGy was removed and reinserted 21 sequential times in the ESR cavity in arbitrary orientation, without changing the spectrometer settings. The ESR spectra were recorded and the signal amplitude h1 and the quantity h1/h2 were measured 21 times.  The results indicate measurement uncertainties (2 () of 4.6% and 1.2% for h1 and h1/h2, respectively (Table 1). When the bone sample was left in the ESR cavity between successive measurements (50 times), the uncertainties (2() for both h1 and h1/h2 were found to be 1.0% and 0.8%, respectively.

Table 1. ESR signal amplitude h1 and h1 / h2 measurements taken by sequentially removing and inserting the ESR tube in arbitrary axial orientation from and into the ESR cavity for 21 times (bone irradiated to 2 kGy)

Measurement sequence
h1
h1 / h2
Measurement sequence
h1
h1 / h2

1
2129
2.13755
12
2130
2.15587

2
2163
2.14583
13
1989
2.16666

3
2140
2.14000
14
2135
2.15438

4
2082
2.15751
15
2091
2.17133

5
2141
2.14959
16
2033
2.13774

6
2071
2.14167
17
2068
2.18604

7
2121
2.14242
18
2082
2.15305

8
2114
2.14837
19
2020
2.16042

9
2088
2.14814
20
2052
2.16227

10
2100
2.16049
21
2016
2.17475

11
2064
2.16125
-----
-----
---------

Coefficient of variation ( 2() 



4.6 %
1.2 %

In order to test the reproducibility of the measured ESR quantities H1 and h1/h2 from different bones exposed to the same dose, 10 bone fragments were prepared and irradiated to a dose of 2 kGy.  The variation of weight among the bone fragments was found to be 46% (2(). ESR spectra were recorded for each bone fragment and the quantities H1 and h1/h2 were determined.  Table 2 shows that the uncertainty values (2() of ESR readings made in terms of H1 is about 26%, while that obtained by using the ratio h1/h 2 is 14 %. As can be seen from Table 2, the ratio h1 / h2 provides a decrease in the uncertainty of ESR measurements of irradiated bones by about a factor of two.

The combination of all sources of error in quadrature at two standard deviations, which is reflected by uncertainty of all measured ESR readings for all chicken bone fragments exposed to 2 kGy, were found to be about 14% for h1/h2 and 26.4% for H1.  

Table 2. Variation of signal amplitude,  h1  per weight ( H! ) and the ratio  h1 / h2  within 10 different rradiated bone fragments ( 2 kGy )

Sample No.
Weight (gm)
h1 / h2
H1

1
0.14723
0.8665526
6880

2
0.13776
0.943761
7796

3
0.18000
0.9503155
6694

4
0.15388
1.0113293
8701

5
0.18388
1.0164319
7064

6
0.10854
0.9307625
9784

7
0.19318
1.0634072
7205

8
0.12298
0.9100346
8554

9
0.10813
0.8715847
8850

10
0.10907
0.9015497
9068

Coefficient of variation ( 2 ( )
46%
14%
26%

The above results lead to the conclusion that significantly improved precision can be achieved by measuring the ratio h1/h2 rather than simply H1.  The uncertainty obtained in this work by measuring H1 for only one dose ( 2 kGy ) is comparable to that obtained by Bordi et al. , who found that the coefficient of variation is about 30%  (2 () in the dose range tested (1-10 kGy) [6].

Post-irradiation stability

A study of the stability of the radiation-induced free radicals in a single sample of bone fragments irradiated to 3 kGy was made over a post irradiation period of 15 days. The ESR spectra of bone with Mn2+ were recorded at different intervals during this storage period at a relative humidity of about 50% and a temperature of about 24oC.  Figs. 2 & 3 show the stability results in terms of the percent decrease in the signal amplitude h1 and h1/h2, respectively, as a function of storage time. It is observed that the ratio h1/h2 experiences a decrease of the order of 2.5 percent in the first two days after irradiation and then approaches a plateau thereafter. On the other hand, the signal amplitude, h1, decreases gradually by up to 29 % by the end of the storage period (15 days). Desrosiers and Le found a decrease of 26% of the initial intensity for 3 kGy irradiated bone after 20 days storage [12].


Fig. 2. Percent decrease of ESR signal amplitude h1 for chicken bones irradiated to 3 kGy, as function of storage time.


Fig. 3. Percent decrease of ESR signal amplitude h1lh2 for chicken bones irradiated to 3 kGy, as function of storage time.

Dose response


A bone fragment was first irradiated to 1.0 kGy and then additively reirradiated, with the measurement of h1 and h2 at each interval, continuing up to 42.8 kGy. The data were then computer-fitted to the exponential equation and plotted in terms of signal height h1 corrected for gain of the spectrometer which ranges between 20 and 4 and h1/h2 as a function of dose, as shown in Figs. 4 and 5, respectively. The exponential function (SD = S ∞  [1-exp[-(Do + D) / D37)], where SD is the ESR signal intensity at the added dose D ; S ∞  is the signal saturation value, D37 is the dose at 63% of the saturation value and Do is the original radiation absorbed dose [7], was applied to the data seen in Figs. 4 & 5. It can be seen that the fitting parameters (F-statistic, correlation coefficient and residuals) of the exponential equation indicate that the better fit to the data is obtained by using the quantity h1/ h2. Also it can be observed that by using the ratio h1/h2, saturation of the exponential equation starts to take place at about 20 kGy, while the ESR signal intensity (h1 / gain) starts to saturate at much higher doses (>120 kGy)  [13].


Fig. 4. Relationship between ESR signal amplitude h1 / gain and added absorbed dose (kHy), for irradiated chicken bones (1 kHy). (The curve is a computer-generated exponential fit. Percent residuals and the 95% confidence intervals are indicated.


Fig. 5. Relationship between ESR signal amplitude h1/ h2 and added absorbed dose (kHy), for irradiated chicken bones (1 kHy). (The curve is a computer-generated exponential fit. Percent residuals and the 95% confidence intervals are indicated.

Conclusions

The results reported and discussed above are summarized as follows:

1.
The preliminary results reveal an improvement of the precision of ESR dosimetry of chicken bones by selecting the ratio h1/h2 for ESR measurements. 

2.
Corrections for weight of bones and gain of the spectrometer applied for signal intensity h1 can be neglected when the quantity h1 / h2 is used.

3.
The quantity h1/ h2 shows much better post-irradiation stability compared to the decay behavior of the signal amplitude h1.

4.
The exponential fit to h1/ h2 versus dose starts to saturate at about 20 kGy, which makes this method less time- consuming when the dose additive method is applied. 

5.
This method is likely to reduce the errors produced by the presence of organic radicals in bone.

It can be concluded from the present preliminary results that the ESR measurements performed by measuring the ratio h1/h2 give significant advantages in terms of the reproducibility of ESR measurements, stability and saturation properties of the exponential fit equation. Thus, it can enhance retrospective dosimetry involving the detection and quantitative assessment of stable free radicals in bone, especially for irradiated food containing bone.
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طريقة مطورة للكشف عن الأغذية التي تحوي عظاماً مشععة باستخدام

جهاز الطنين الدوراني الإلكتروني

د. أحمد بصفر , د.فؤاد عبدالرحيم

معهد بحوث الطاقة الذرية ، مدينة الملك عبدالعزيز للعلوم والتقنية

ص ب: 6086 الرياض 11442

( قدم للنشر في28/7/ 1421 وقبل للنشر في 17/ 3 / 1422 هـ )

ملخص البحث. إن استخدام جهاز الطنين الدوراني الإلكتروني (ESR) في قياس جرعة الأشعة الممتصة في الأغذية التي تحوي عظاماً ما زال يحتاج إلى جهود بحثية إضافية لتحسين دقة القياس. تستعرض هذه الورقة طريقة مطورة للكشف عن العظام المشععة باستخدام (ESR) بحيث يتم قياس التفاضل الأول لطيف العظام المشععة في وجود إشارة خاصة بأيون المنجنيز (Mn2+). وفي وجود الإشارتين معاً يتم قياس ارتفاع القمم في التفاضل الثاني للطيف الخاص بجهاز (ESR) . تم تحديد الإرتفاع للقمة عند طنين (resonance) رقم (g=2.0021) وإعطاءه الرمز (h1) . كما تم تحديد المسافة بين القمة الخاصة بأيون المنجنيز (Mn2+) عند طنين (resonance) رقم (g=1.9807) والقمة السفلية للعظام عند طنين (resonance) رقم (g=2.0012) وإعطاءه الرمز (h2) . وتم إيجاد علاقة بين التغيير في النسبة (h1/h2) والجرعة الممتصة في العظام. كما تم تحسين الثبوتية (reproducibility) لقياسات جهاز (ESR) وقياسات الجرعة الإشعاعية الممتصة باختيار قيم مختلفة للنسبة (h1/h2) .    
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