
 ‘The mechanical effect of extracorporeal irradiation on bone’ 

 

1. Mr Sanjay Gupta MBBS, MRCS, MSc (Orth), MPhil, FRCS (T&O) 

Specialty Registrar, Trauma & Orthopaedics 

Glasgow Royal Infirmary 

 

2. Mr Daniel Cafferky  MSc, BAI, BA 

Student, Biomedical Engineering  

University of Strathclyde 

 

3. Dr Fiona Cowie 

Consultant, Oncology 

Beatson West of Scotland Cancer Centre 

 

4. Dr. Phil Riches    

Lecturer, Biomedical Engineering 

University of Strathclyde 

 

5. Mr Ashish Mahendra MBBS, DNB, MS (Orth), MCh Orth, FRCS (T&O) 

Consultant, Trauma & Orthopaedics 

Glasgow Royal Infirmary 

 

 

Abstract 

Extracorporeal irradiation and re-implantation of a bone segment is a technique employed in bone 

sarcoma surgery for limb salvage in the setting of reasonable bone stock.  There is neither consensus nor 

rationale given for the dosage of irradiation used in previous studies, with values of up to 300Gy 

applied.  We investigated the influence of extracorporeal irradiation on the elastic and viscoelastic 

properties of bone.  Bone specimens were extracted from mature cattle and subdivided into thirteen 

groups; twelve groups exposed to increasing levels of irradiation and a control group.  The specimens, 

once irradiated, underwent mechanical testing in saline at 37˚C. 

Mechanical properties were calculated by experimental means which included Young’s Modulus, 

Poisson’s Ratio, Dissipation Factor, Storage Modulus, Loss Modulus and Dynamic Modulus. These 

were all obtained for comparison of the irradiated specimens to the control group.  

We found that the overall effect of increasing irradiation doses up to 300Gy seems to present negligible 

change, albeit negative, on the behavior of bone.  However, the increase in Poisson’s ratio following 

extracorporeal irradiation treatment was statistically significant. Therefore, it is concluded that the 

overall mechanical effect of high levels of extracorporeal irradiation (300Gy) is minute, and could be 

administered to reduce the risk of malignancy recurrence.  



 

Background 

The surgical management of primary bone tumours frequently involves a wide resection to achieve local 

control.  Following this, there are many potential methods available for limb salvage.  These include 

biological reconstruction using allograft or autograft, endoprosthetic reconstruction or simply the 

creation of a pseudoarthrosis1.  The latter of these options has obvious biomechanical disadvantages and 

leads to a loss of function.  Endoprosthetic replacement is effective in the majority of cases, but 

longevity of the implants and costs remain a concern2.  Bulk allograft has inherent risks of infection, 

immunologic reaction and failure to incorporate, as well as being an imperfect fit in terms of bony 

architecture3.  Furthermore, bulk bone grafts are costly and timely delivery of optimally sized bulk 

allograft can be difficult. 

Extracorporeal irradiation (ECI) and reimplantation of bone is an alternative technique that was first 

reported in 19684.  The irradiated autograft acts as a scaffold for the body’s cells to inhabit the structure 

and slowly replace the dead tissue with living tissue. The advantages of this method include the 

autograft being a perfect fit in terms of bony architecture, the fact that it is relatively inexpensive and 

avoids the complications described with other treatment modalities.  

Although this method of treatment has good short-term results, there is no consensus on the level of 

radiation to be administered to the graft. Some studies have used radiation levels of 300Gy to be certain 

all tumour cells have been destroyed4, while others studies suggest that 50Gy is adequate to kill all 

malignant cells within the autograft3.  

However, questions about the use of ECI remain unanswered.  The treatment is certainly not benign, as 

high complication rates have been reported in some instances7.  The principal problems relate to the 

mechanical integrity of the bone after irradiation and infection8, as well as concerns about avascular 

necrosis and graft resorption (Davidson and Stalley 2005). 

It has been hypothesised that increasing the dosage of radiation when treating the autograft may have 

adverse effects on the collagenous phase found within osseous tissue, causing adverse changes in the 

mechanical properties (elastic and viscoelastic) of bone.  The principal aim of this study is to determine 

the effect of varying doses of radiation on the mechanical properties of bone.  The null hypothesis is of 

no difference irrespective of the irradiation dosage. 



 

Materials and Methods 

Thirteen mature bovine tibias were freshly harvested and collected from an abattoir and frozen upon 

acquisition (-17˚C). Mature subjects were chosen to avoid fibrolamellar (plexiform) bone of immature 

specimens5. Prior to specimen preparation, the bone was thawed at room temperature and the mid-

diaphysis sectioned into anterior, posterior, medial and lateral sections with the use of a bone saw, 

before being cut with a diamond tipped rotating blade (Smart Cut, UKAM Industrial Superhard Tools; 

Valencia, CA, USA) into rectangular specimens (0.5cmx0.5cmx3cm).  

The specimens were cut at a slow uniform speed to reduce thermally induced damage. This was 

achieved by connecting 200g to the sliding stage of the rotating blade. The longitudinal axis of the 

specimens was aligned with the primary loading axis of the tibia. The specimens were then abraded, 

with grits from 80 to 320, to obtain the required cross-sectional dimensions, verified using an electronic 

micrometer (Mitutoyo, Absolute Digimatic; Tokyo, Japan).  

A total of 164 bone samples were obtained with 12 to 13 specimens extracted from each tibia. The 

specimens were wrapped in 0.9% saline soaked gauze and each group was placed within clearly marked 

sealable bags before being refrozen (-17˚C). Whilst refreezing has been attributed to damage 

microscopic material structures, two cycles have been found not to have any implications in the 

structural integrity of the material6. Furthermore, all samples underwent the same number of freeze-

thaw cycles, allowing valid comparisons to be made. 

Irradiation of Specimens 

The specimens were systematically assigned into twelve irradiation groups and one control group. For 

irradiation, specimens were thawed at room temperature before being wrapped in saline soaked gauzes, 

and placed into a sub-divided plastic container minimising air pockets.  

Irradiated occurred using a Siemens ONCOR Impression Plus Linear Accelerator at 6MV X-ray Photon 

Beam in increments of 25Gy up to the maximum of 300Gy.  The radiation was set up in an AP/PA 

manner, where the gantry was rotated through 180˚ after half the dose was administered. After the 

irradiation was completed the bone specimens were frozen for the final time before undergoing elastic 

and viscoelastic testing. 

  

Elastic and Viscoelastic Testing 



 

Specimens were tested in uniaxial tension using a BOSE Electroforce 3200 Material Testing Machine 

fitted with a temperature-controlled water bath (37C) and 450 N load cell. Specimens were placed in 

the grips with a 15 mm gauge length and a 1 N preload was applied (Figure 1, A). To determine the 

Young’s modulus, a displacement-controlled extension of 0.01 mm was applied at a rate of 0.002 mm.s
-

1 (Figure 1, B). The gradient of the resulting stress-strain curve in the linear region provided the 

Young’s modulus, E. The load was reduced to 1N and held for one minute (Figure 1, C). After this, the 

specimen underwent 1 Hz cyclic tensile loading in load control, with a mean stress,   , of 1.2 MPa and 

an amplitude,   , of 1 MPa for 120 cycles (Figure 1, D). The phase lag () between the stress and strain 

was found by best-fitting sinusoids, using inbuilt Matlab routines, to the stress and strain data 

(Equations 1 and 2) and determining the phase difference,  , between them (Equation 3). 

                  Eq. 1 

                  Eq. 2 

        Eq. 3 

These data were also used to determine the storage modulus (E') and loss modulus (E''). 

   
  

  
     Eq. 4 

    
  

  
     Eq. 5 

ANOVA was used, adopting a 5% significance level, to determine differences with irradiation level and 

anatomical quadrant.  

 

 

Figure 1 – Schematic representation of tensile testing protocol 
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Results  

Whilst there may be significant statistical differences between individual irradiation groups, there 

appear to be no discernable trend associated with irradiation intensity with Young’s modulus (Figure 2), 

tan() (Figure 3) and storage and loss moduli (Figure 4). 

  

Figure 2 - Young’s Modulus with respect to irradiation intensity 

 

Figure 3: Variation in tan() with irradiation 



 

 

Figure 4: Storage and loss moduli variation with irradiation intensity 

There was no effect of anatomical quadrant on E and tan(), although the storage and loss modulus 

demonstrated a significant variation (p < 0.01), with anterior and lateral quadrants having higher moduli 

than medial and posterior quadrants (Figure 5a and b). 

  

Figure 5a: Storage modulus (GPa) variation around 

the cortex. 

Figure 5b: Loss modulus (GPa) variation around 

the cortex. 

 

Discussion 

Barth et al7 demonstrated that the elastic and plastic properties of bone are unaffected with irradiation 

levels below 35kGy, and our findings are fully consistent with these data. Above these levels, it has 

been found that bone stiffness and strength is adversely affected. 66% of rat tibiae irradiated at 50kGy 



 

suffered from pathological fractures, whilst samples which underwent 25kGy irradiation displayed 

delayed healing and at the end of the experiment, they had a mean of 50% reduction in the incorporation 

of the graft8. However, 35kGy is significantly above the level of irradiation used for autografts and 

therefore we felt it important to fully investigate the mechanical properties of bone in this region and to 

reaffirm that irradiation of autografts does not deteriorate bone quality. Moreover, Barth et al7 did not 

investigate the viscoelastic properties of bone, which may be more likely to be affected by a small 

change in collagen degradation than the elastic and plastic properties.  

Our results indicate that at irradiation levels used in this study, increasing the dose of irradiation does 

not affect the elastic stiffness of the bone, with both E and E' showing no consistent trend with 

irradiation intensity. Since the mineral phase of bone is primarily responsible for the stiffness of the 

bone it is largely unaffected by irradiation from the subsequent development of free radicals13. We 

propose that statistical variation seen between irradiation groups may be more associated with inherent 

biological variation than the irradiation itself. Furthermore, increasing the irradiation dose does not 

affect the viscoelastic properties of bone. The loss modulus, E'', and tan() do not exhibit consistent 

trends across the irradiation intensities, indicative of changes to the mechanical behaviour of the 

collagen component. Our values for tan() and storage and loss moduli are consistent with recent and 

past literature13,14, with the differences primarily being attributed to the different experimental and 

testing modalities adopted. The increased stiffness in the anterior and lateral quadrants are consistent 

with previous data on the microhardness of the ovine radius, explained by a higher mineral content in 

these quadrants which is a result of these regions being more in longitudinal tension than their opposite 

quadrants15, 16. The large number of samples used in our tests, combined with literature agreements, 

gives rise to confidence that we had sufficient power in our experiment to ascertain differences due to 

irradiation. Therefore, evidence from this study, backed by that of Barth et al, confirm that levels of 

irradiation of the order of 300Gy do not affect the elastic, viscoelastic, plastic and ultimate mechanical 

properties of bone and that ECI at this intensity should not be concerned with a loss of bone mechanical 

quality upon reimplantation. 

The reported irradiation level at which tumour cells are killed varies between studies9, 10 but 300Gy 

consistently appears to be more successful than lower doses. Furthermore, the level of autograft 

incorporation does not vary between irradiation levels
11,12

. Therefore, in conclusion, the limiting factor 

in choosing an irradiation level is most likely to be the effectiveness of the irradiation in causing tumour 

cell death, and not the mechanical integrity of the sample post irradiation or the efficacy of subsequent 

autograft incorporation. 

Acknowledgements 



 

Ms S Burnside, Dr J Morris, Dr Anthony 



 

References 

1. Krieg AH, Mani M, Speth BM, Stalley PD. Extracorporeal irradiation for pelvic 

reconstruction in Ewing’s sarcoma. J Bone Joint Surg Br 2009 Mar;91(3):395-400. 

2. Chen WM, Chen TH, Huang CK, Chiang CC, Lo WH. Treatment of malignant bone 

tumours by extracorporeally irradiated autograft-prosthetic composite arthroplasty. J Bone Joint 

Surg Br. 2002 Nov;84(8):1156-61. 

3. Araki N, Myoui A, Kuratsu S, Hashimoto N, Inoue T, Kudawara I, Ueda T, Yoshikawa H, 

Masaki N, Uchida A.  Intraoperative extracorporeal autogenous irradiated bone grafts in tumor 

surgery. Clin Orthop Relat Res. 1999 Nov;(368):196-206. 

4. Spira E, Lubin E. Extracorporeal irradiation of bone tumours: a preliminary report. Israel J 

Med Sci 1968; 4: 1015-19. 

5. Currey, JD. Bones: Structure and Mechanics: Princeton & Oxford, 2006.  

6. Moon DK, Woo SL-Y, Takakura Y, Gabriel MT, Abramowitch SD. The Effects of 

Refreezing on the Viscoelastic & Tensile Properties of Ligaments. J of Biomechanics, 2006; 39: 

1153-1157. 

7. Barth HD, Zimmermann EA, Schaible E, Tang SY, Alliston T, Ritchie RO. 

Characterisation of the Effects of X-ray irradiation on the Hierarchical Structure & Mechanical 

Properties of Human Cortical Bone.. Biomaterials, 2011; 32: 8892-8904. 

8. Voggenreiter G, Ascherl R, Blumel G, Schmit-Neuerburg KP. Extracorporeal Irradiation & 

Incorporation of Bone Grafts: Autogeneic Cortical Grafts Studied in Rats. Acta Orthopaedic 

Scandinavica, 1996; 67: 583-588. 

9. Puri A, Gulia A, Agarwal MG, Jambhekar NA, Lasker S. Extra Corporeal Irradiated 

Tumour Bone - A Reconstruction Option in Diaphyseal Ewing's Sarcoma. Indian J of 

Orthopaedics, 2010; 44: 390-396. 

10. El-Wahidi GF, Eldesoky I, Kotb S, Awad I, Thabet M, Thaleh Y. Neoadjuvant 

Chemotherapy & Low Dose Extra-Corporeal Irradiation for Treatment of Osteosarcoma. J of 

Clinical Oncology, 2005; 23: 16-S. 

11. Takahashi S, Sugimoto M, Kotoura Y, Yamamuro T, Oka M, Shabamoto Y, Takahashi 

M. Incorporation of Cortical Bone Autografts Following Intraoperative Extra Corporeal 

Irradiation in Rabbits. Int. J of Radiation Oncology, 1991; 21: 1221-1230. 

12. Bohm P, Fritz J, Thiede S, Budach W. Reimplantation of Extracorporeal Irradiated Bone 

Segments in Musculoskeletal Tumour Surgery: Clinical Experience in Eight Patients & Review 

of the Literature. Langenbecks Arch Surgery, 2003; 387: 355-365. 

13. Wang T, Feng Z. Dynamic Mechanical Properties of Cortical Bone: The Effect of Mineral 

Content. Material Letters, 2005; 59: 2277-2280. 

14. Lakes RS, Katz JL. Viscoelastic Properties of Wet Cortical Bone - 3: A Non-Linear 

Constitutive Equation. J of Biomechanics, 1979; 12: 689-698. 



 

15. Lanyon et al., 1979 

16. Riches et al., 2000 

  



 

1. Works Cited 

1. Limb Conservation in Primary Bone Tumours by Resection, Extra Corporeal Irradiation and Re-

Implantation. D Uyttendaele, A de Schryver, H Claessens, H Roels, P Berkvens, W Mondelaers. 

Ghent : J of Bone and Joint Surgery, 1988, Vols. 70-B : pages 348-353. 

2. Reimplantation of Extracorporeal Irradiated Bone Segments in Musculoskeletal Tumour Surgery: 

Clinical Experience in Eight Patients & Review of the Literature. P Bohm, J Fritz, S Thiede, W 

Budach. s.l. : Langenbecks Arch Surgery, 2003, Vols. 387 : pages 355-365. 

3. Extracorporeal Irradiated Autografts for the Treatment of Bone Tumours: Tips & Tricks. B Poffyn, 

G Sys, A Mulliez, G v Maele, L v Hoorebeke, R Forsyth, D Uttendaele. s.l. : Int. Orthopaedics , 

2010, Vol. (Original Article). 

4. Dynamic Mechanical Properties of Cortical Bone: The Effect of Mineral Content. T Wang, Z Feng. 

s.l. : Material Letters, 2005, Vols. 59 : pages 2277-2280. 

5. Currey, JD. Bones: Structure and Mechanics. s.l. : Princeton & Oxford, 2006. ISBN. 

6. Functions of Osteocytes in Bone . EM Aarden, EH Burger, PJ Nijweide. Leiden : J of Cellular 

Biochemistry, 1994, Vols. 55 : pages 287-299. 

7. Skeletal Tissue Mechanics. RB Martin, DB Burr, NA Sharkly. Berlin : Springer, 1998. 

8. Young's Modulus of Trabecular and Cortical Bone Material: Ultrasonic and Microtensile 

Measurements. JY Rho, RB Ashman, CH Turner. 2 : pages 111-119, s.l. : J. of Biomechanics, 1993, 

Vol. 26. 

9. Examination of Compact Bone Microdamage using Back-Scatter Electron Microscopy. MB 

Schaffler, WC Pitchfordd, K Choi, JM Riddle. 5 : pages 483-488, s.l. : Bone, 1988, Vol. 15. 

10. Ultrasonic Analysis of the Young's Modulus of Cortical Bone. W Bonfield, AE Tully. s.l. : J. of 

Biomedical Engineering, 1982, Vols. 4 : pages 23-27. 

11. Elastic and Ultimate Properties of Compact Bone Tissue. DT Reilly, AH Burnstein. s.l. : J. of 

Biomechanics, 1975, Vols. 8 : pages 393-405. 

12. Fracture Toughness of Human Bone under Tension. TL Norman, D Vashishth, DB Burr. 3 : pages 

309-320, s.l. : J. of Biomechanics, 1995, Vol. 28. 



 

13. Orientation Dependence of the Fracture Mechanics of Bone. JC Behiri, W Bonfield. s.l. : J. of 

Biomechanics, 1989, Vols. 22 : pages 863-872. 

14. Fracture Mechanics Parameters for Compact Bone - Effects of Density and Specimen Thickness. 

TM Wright, WC Hayes. s.l. : J. of Biomechanics, 1977, Vols. 10 : pages 419-430. 

15. Fracture Properties of Bovine Tibial Bone. DD Moyle, AT Gravens. s.l. : J. of Biomechanics, 

1986, Vols. 11 : pages 919-927. 

16. Anisotropic Poisson's Ratio and Compression Modulus of Cortical Bone Determined by Speckle 

Interferometry. R Shahar, P Zaslansky, M Barak, AA Friesem, JD Currey, S Weiner. 2 : pages 252-

264, s.l. : J of Biomechanics, 2007, Vol. 40. 

17. Viscoelastic Properties of Wet Cortical Bone - 1. Torsional & Biaxial Studies. RS Lakes, JL Katz, 

SS Sternstein. 2 : pages 657-675 & 677-678, Troy, NY : J of Biomechanics, 1979, Vol. 12. 

18. Analysis of Anisotropic Viscoelastoplastic Properties of Cortical Bone Tissues. AA Abdel-Wahals, 

K Alam, VV Silberschmidt. s.l. : J. of Mechanical Behaviour of Biomedical Materials, 2011, Vols. 4 : 

pages 807-820. 

19. The Effect of Strain Rate on the Mechanical Properties of Human Cortical Bone. J Hansen, P 

Zioupos, R Simpson, JD Currey, D Hynd. 1 : pages 011011 [8 pages], s.l. : J. of Biomechanical 

Engineering, 2008, Vol. 130. 

20. Time-Dependent Damage Accumulation Under Stress Relaxation Testing of Bovine Trabecular 

Bone. S Nagaraja, MD Ball, RE Guldberg. s.l. : Int. J. of Fatigue, 2007, Vols. 29 : pages 1034-1038. 

21. Viscoelastic Properties of Bone as a Function of Water Content. N Sasaki, A Enyo. 7 : pages 809-

815, s.l. : J. of Biomechanics, 1995, Vol. 28. 

22. Osteocyte Density and Micromorphometric Parameters in Cancellous Bone of the Proximal Femur 

in Five Mammalian Species. MG Mullender, R Huiskes, H Versleyen, P Buma. s.l. : J of Orthopaedic 

Research, 1996, Vols. 14 : pages972-979. 

23. Decrease in the Osteocyte Lacunar Density Accompanied by Hypermineralisation Lacunar 

Occlusion Reveals Failure and Delay of Remodelling in Aged Human Bone. B Busse, D Djonic, P 

Milovanovic, M Hahn, K Puschel, RO Ritchie, M Djuric, M Amling. s.l. : Aging Cell, 2010, Vols. 9 

: pages 1065-1075. 



 

24. Control of Osteoblast Function and Regulation of Bone Mass. S Harada, GA Rodan. s.l. : Nature, 

2003, Vols. 423 : pages 349-355. 

25. Age Related Osteogenic Potential of Mesenchymal Stromal Stem Cells from Human Vertebral Bone 

Marrow. D'ippolito, Gianluca et al. 7 : pages 1115-1122, s.l. : J of Bone and Mineral Research, 1999, 

Vol. 14. 

26. Differentiation and Function of Osteoclasts. T Miyamoto, T Suda. 1 : pages 1-7, Toyko : Medical 

Journal, 2003, Vol. 52. 

27. FH Martini, JL Nath, EF Bartholomew. Fundamentals of Anatomy & Physiology : Ninth Edition. 

s.l. : Pearson, 2011. 

28. Pathology of Bone and Soft Tissue Tumours. PD Simcock, AJ Malcolm. s.l. : Surgery, 2004. 

29. Bone Cancers. HD Dorfman, B Czerniak. s.l. : Cancer, 1995, Vols. 75 : pages 203-210. 

30. cancerresearchuk.co.uk. [Online] July 11, 2011. [Cited: Jan 31, 2012.] 

http://info.cancerresearchuk.org/cancerstats/types/bone/incidence/. 

31. Osteotropic Cancers : From Primary Tumours to Bone. JT Buils, G van der Pluijm. s.l. : Cancer 

Letters, 2009, Vols. 273 : pages 177-193. 

32. Bone & Cancer : Pathophysiology and Treatment of Metastases. Kanis, JA. 2 : pages 101-105, s.l. : 

Bone, 1995, Vol. 17. 

33. Klein, MJ. Bones : pages 733-748. [book auth.] MR Alison. The Cancer Handbook : Volume 1. 

2007. 

34. Schwartz, JL. Physical Causes of Cancer. [book auth.] MR Alison. The Cancer Handbook, Vol. 1. 

London : J Wiley & Sons, 2007. 

35. —. Physical Causes of Cancer. [book auth.] MR Alison. The Cancer Handbook Vol.1. West Sussex : 

J Wiley & Sons, 2007. 

36. European Consensus Statement on Lung Cancer: Risk Factors and Prevention. Lung Cancer Panel. 

al, HK Biesalski et. 3 : pages 167-176, s.l. : Cancer J for Clinicians, 1998, Vol. 48. 



 

37. BE Henderson, L Bernstein, RK Ross. Hormones and the Etiology of Cancer. [book auth.] RE 

Pollock, RR Weichselbaum, RC Bast, TS Gansler, JF Holland, E Frei DW Kufe. Cancer Medicine 6th 

Edition. s.l. : BC Decker, 2003. 

38. Cancer is a Preventable Disease that Requires Major Lifestyle Changes. P Anand, AB 

Kumumakara, C Sundaram, KB Harikumar, ST Tharakan, OS Lai, B Sung, BB Aggarwal. 9 : 

pages 2097-2116, s.l. : Pharmaceutical Research, 2008, Vol. 25. 

39. The Global Health Burden of Infection-Associated Cancers in the Year 2002. Parkin, DM. s.l. : Int 

J of Cancer, 2006, Vols. 118 : pages 3030-3044. 

40. S Duensing, PS Moore, J Parsonnet. Infectious Agents and Cancer. [book auth.] MR Alison. The 

Cancer Handbook. West Sussex : J Wiley & Sons, 2007. 

41. American Cancer Society. cancer.org. [Online] Dec 27, 2011. [Cited: Apr 10, 2012.] 

http://www.cancer.org/Cancer/CancerCauses/GeneticsandCancer/heredity-and-cancer. 

42. CancerResearchUK. cancerresearchUK. [Online] Sept 25, 2009. [Cited: May 30, 2012.] 

http://info.cancerresearchuk.org/cancerstats/causes/genes/inheritedrisk/inherited-cancer-risk. 

43. Orthopaedics I: General Principals; Primary Malignant Tumours of the Bone. M Chowdhry, K 

Hayward, L Jeys. 2 : pages 80-85, s.l. : Surgery, 2008, Vol. 27. 

44. Orthopaedic II: Soft Tissue, Metabolism, Malignancy. AG Stamatoukou, RJ Grimer. 11 : pages 

392-396, s.l. : Surgery, 2006, Vol. 24. 

45. Osteosarcoma over the Age of Forty. al., RJ Grimer et. s.l. : European J of Cancer, 2003, Vols. 39 : 

pages 157-163. 

46. Orthopaedics I: Primary Malignant Tumours of the Bone. VP Sumathi, L Jeys, A Darbyshire. 2 : 

pages 72-79, s.l. : Surgery, 2012, Vol. 30. 

47. Orthopaedics: Primary & Secondary Tumours of Bone. Grimer, RJ. 1 : pages 30-35, s.l. : Surgery, 

2005, Vol. 23. 

48. H Jurgens, U Dirksen. Ewing Sarcoma Treatment. Munster, Germany : Dept. of Paediatric 

Haematology & Oncology, University Hospital Munster, 2011. 



 

49. (iii) - Ewing's Sarcoma of Bone; Mini-Symposium: Malignant Bone Tumours: Specific Tumours. F 

Fiorenza, L Jeys. 5 : pages 342-345, s.l. : Orthopaedics & Trauma, 2010, Vol. 24. 

50. The Value of Local Treatment in Patients with Primary, Disseminated, Multifocal Ewing Sarcoma 

(PDMES). H Jurgens, J Haeusler, A Ranft, et al. s.l. : Cancer : pages 443-450, 2010. 

51. Impact of megatherapy in children with high-risk Ewing’s tumours in complete remission: a report 

from the EBMT Solid Tumour Registry. R Ladenstein, C Lasset, R Pinkerton et al. s.l. : Bone Marrow 

Transplant, 1995, Vols. 15 : pages 697-705. 

52. Report No 116 - Limitation of Exposure to Ionizing Radiation (Supersedes NCRP Report No 91). 

(Chairman), CB Meinhold. Bethesda, MD : National Council on Radiation Protection and 

Measurements, 1993. 

53. Radiation and your Patient: A Guide for Medical Practioners. International Commission on 

Radiological Protection. s.l. : ICRP Supporting Guidance, Vol. 2 : page 12. 

54. MIT Nuclear Engineering. mit.edu. [Online] Sept 2004. [Cited: Apr 4, 2012.] 

http://ocw.mit.edu/courses/nuclear-engineering/22-55j-principles-of-radiation-interactions-fall-

2004/lecture-notes/bakgrnd_radiaton.pdf. 

55. Converting Absorbed Dose to Medium to Absorbed Dose to Water for Monte Carlo Based Photon 

Beam Dose Calculations. JV Siebers, PJ Keall, AE Nahum, R Mohan. 4 : 983-996, s.l. : Physics in 

Medicine and Biology, 2000, Vol. 45. 

56. Ionizing Radiation and Collagen Metabolism: From Oxygen Free Radicals to Radio-induced Late 

Fibrosis. TD Nguyen, F-X Maquart, J-C Monboisse. Reims : Radiation Physics and Chemistry, 2005, 

Vols. 72 : pages 381-386. 

57. Intraosseous Temperature during Autoclaving. P Bohm, J Stihler. s.l. : J Bone Joint Surgery, 1995, 

Vols. 77-B : pages 649-653. 

58. Re-implantation of Autogenous Freeze Treated Mandibular Bone in the Management of 

Ameloblastomas. Lata, J. 11 : page 1052, s.l. : Int. J of Oral & Maxillofacial Surgery, 2007, Vol. 36. 

59. Effects of Liquid Nitrogen Cryotherapy and Bone Grafting on Artificial Bone Defects in Minipigs: a 

Preliminary Study. al, MA Pogral et. s.l. : Int. J of Oral Maxillofacial Surgery, 2002, Vols. 31 : pages 

296-302. 



 

60. Extra-Corporeal Radiotherapy for Primary Bone Sarcoma. Walker, SJ. s.l. : Radiography, 1996, 

Vols. 2 : pages 223-227. 

61. Limb Salvage Operation using Intraoperative Extracorporeal Autogenous Irradiated Bone and 

Tendon Graft for Myxoid Liposarcoma on Dorsum of Foot. al, R Ozaki et. s.l. : The Foot, 2010, Vols. 

20 : pages 90-95. 

62. Neoadjuvant Chemotherapy & Low Dose Extra-Corporeal Irradiation for Treatment of 

Osteosarcoma. GF El-Wahidi, I Eldesoky, S Kotb, I Awad, M Thabet, Y Thaleh. s.l. : J of Clinical 

Oncology: 2005 ASCO Annual Meeting Proceeding; Vol: 23; Number: 16-S, 2005. 

63. Radiation Effects on Bone Healing and Reconstruction Interpretation of the Literature. F Jegoux, O 

Malard, E Goyenialle, E Aguado, G Daculsi. 2 : pages 173-184, s.l. : Oral Surgery, Oral Medicine, 

Oral Pathology, Oral Radiology and Endodontology, 2010, Vol. 109. 

64. En-bloc Resection, Extracorporeal Irradiation & Re-implantation in Limb Salvage for Bony 

Malignancies. AW Davidson, A Hong, SW McCarthy, PD Stalley. 6 : pages 851-857, s.l. : British J 

of Bone & Surgery, 2005, Vols. 87-B. 

65. Radiological Assessment - A Textbook on Environmental Dos Analysis. JE Till, HR Meyer. 

Washington DC : US Nuclear Regulatory Commission , 1983. 

66. Casarett, AP. Radiation Biology (pages 191-195). s.l. : Prentice-Hall, 1968. 

67. Roessler, CE. hps.org. [Online] Aug 27, 2011. [Cited: Mar 25, 2012.] 

http://www.hps.org/publicinformation/ate/q285.html. 

68. Influence of Extracorporeal Irradiation on the reintergration of autologous grafts of bone & joint in 

a canine model. D Sabo, DR Brocai, M Eble, M Wannenmacher, V Ewerbeck. 8 : pages 276-282, 

Heidelburg, Germany : J Bone Joint Surgery (BR), 2000, Vol. 82. 

69. Local irradiation alters bone morphology and increases bone fragility in a mouse model. JD 

Wernle, TA Damron, MJ Allen, KA Mann. s.l. : J of Biomechanics, 2010, Vols. 43 : pages 2738-

2746. 

70. Nonstochastic Effects of Ionizing Radiation. Protection, International Commission on 

Radiological. Oxford : ICRP Publications, 1984, Vols. 41 : pages 22-25. 



 

71. Extra Corporeal Irradiated Tumour Bone - A Reconstruction Option in Diaphyseal Ewing's 

Sarcoma. A Puri, A Gulia, MG Agarwal, NA Jambhekar, S Lasker. 4 : pages 390-396, Mumbai : 

Indian J of Orthopaedics, 2010, Vol. 44. 

72. Incorporation of Cortical Bone Autografts Following Intraoperative Extra Corporeal Irradiation in 

Rabbits. S Takahashi, M Sugimoto, Y Kotoura, T Yamamuro, M Oka, Y Shabamoto, M 

Takahashi. 5 : pages 1221-1230, Kyoto : Int. J of Radiation Oncology, 1991, Vol. 21. 

73. Extracorporeal Irradiation & Incorporation of Bone Grafts: Autogeneic Cortical Grafts Studied in 

Rats. G Voggenreiter, R Ascherl, G Blumel, KP Schmit-Neuerburg. 6 : pages 583-588, Munich : 

Acta Orthopaedic Scandinavica, 1996, Vol. 67. 

74. Fracture Resistance of Gamma Radiation Sterilized Cortical Bone Allografts. O Akkus, CM 

Rimnac. 5 : pages 927-934, s.l. : J of Orthopaedic Research, 2001, Vol. 19. 

75. Characterisation of the Effects of X-ray irradiation on the Hierarchical Structure & Mechanical 

Properties of Human Cortical Bone. HD Barth, EA Zimmermann, E Schaible, SY Tang, T Alliston, 

RO Ritchie. s.l. : Biomaterials, 2011, Vols. 32 : pages 8892-8904. 

76. Role of Collagen and Other Organics in the Mechanical Properties of Bone. Currey, JD. S5 : pages 

S29-S36, s.l. : Int J of Osteoporosis, 2003, Vol. 14. 

77. Sterilization by Gamma Radiation Impairs the Tensile Fatigue Life of Cortical Bone by Two Orders 

of Magnitude. O Akkus, RM Belaney. 5 : pages 1054-1058, Toledo : J of Orthopaedic Research, 2005, 

Vol. 23. 

78. The Effect of Gamma-Irradiation on Collagen Molecules, Isolated Alpha-Chains, and Crosslinked 

Native Fibres. DT Cheung, N Perelman, D Tong, ME Nimni. 5 : pages 581-589, Los Angeles : J of 

Biomedical Material Research, 1990, Vol. 24. 

79. Effect of Low Dose and Moderate Dose Gamma Irradiation on the Mechanical Properties of Bone 

and Soft Tissue Allografts. CR Balsly, AT Cotter, LA Williams, BD Gaskins, MA Moore, L 

Wolfinbarger. 4 : pages 289-298, s.l. : Cell and Tissue Banking, 2008, Vol. 9. 

80. Effect of Sterilisation and Storage Treatments on Screw Pullout Strength in Human Allograft Bone. 

PT Simonian, EU Conrad, JR Chapman, RM Harrington, HA Chansky. s.l. : Clinical Orthopaedics 

and Related Research, 1994, Vols. 302 : pages 290-296. 



 

81. On the Effects of X=Ray Irradiation on the Deformation and Fracture Behaviour of Human Cortical 

Bone. HD Barth, ME Launey, AA MacDowell, JW Agar III, RO Ritchie. 6 : pages 1475-1485, 

Berkeley, CA : Bone, 2010, Vol. 46. 

82. Changes in Allograft Bone Irradiation at Different Temperatures. AJ Hamer, I Stockley, RA 

Elson. s.l. : J of Bone and Joint Surgery (British), 1999, Vols. 81 : pages 342-344. 

83. Extracorporeal Irradiation for Malignant Bone Tumours. A Hong, G Stevens, P Stalley, S 

Pendlebury, V Ahern, A Ralston, E Estoesta, I Barrett. 2 : pages 441-447, Sydney : Int J of 

Radiation Oncology *Biology* Physics, 2001, Vol. 50. 

84. The Effects of Refreezing on the Viscoelastic & Tensile Properties of Ligaments. DK Moon, SL-Y 

Woo, Y Takakura, MT Gabriel, SD Abramowitch. s.l. : J of Biomechanics, 2006, Vols. 39 : pages 

1153-1157. 

85. Ashman, RB. Experimental Techniques (Chp#5). [book auth.] SC Corwin. Bone Mechanics. s.l. : 

CRC Press, 1989. 

86. Bone Creep Fatigue Damage Accumulation. WE Caler, DR Carter. 6/7 : pages 625-635, CA, 

USA : J. of Biomechanics, 1989, Vol. 22. 

87. TA Osswald, G Menges. Material Science of Polymers for Engineers 2nd Edition. s.l. : Hanser, 

2003. 

88. Viscoelastic Properties of Wet Cortical Bone - 3: A Non-Linear Constitutive Equation. RS Lakes, 

JL Katz. Troy, NY : J of Biomechanics, 1979, Vols. 12 : pages 689-698. 

89. Viscoelastic Behaviour and Failure of Bovine Cancellous Bone under Constant Strain Rate. RM 

Guedes, JA Simoes, JL Morais. s.l. : J of Biomechanics, 2006, Vols. 39 : pages 49-60. 

90. www.bioserv.fiu.edu. [Online] [Cited: Jan 27, 2012.] 

http://bioserv.fiu.edu/~walterm/gen_bio_II/sum10_reviewmini_skeletal_muscle_organization.htm. 

91. cancer-concerns.com. [Online] [Cited: Jan 31, 2012.] http://www.cancer-

concerns.com/SARCOMA/Sarcoma4.htm. 

92. Current Therapeutic Approaches inMetastatic and Recurrent Ewing Sarcoma. M Huang, K Lucas. 

s.l. : Sarcoma, 2011, Vols. 2011 : pages 1-5. 



 

93. Osteosarcoma of the Jaw Bone. Chindia, ML. s.l. : Oral Oncology, 2001, Vols. 37 : pages 545-547. 

94. Rosenthal, H. sarcomasource. [Online] MASI, Jan 28, 2008. [Cited: Feb 13, 2012.] 

http://www.sarcomasource.com/article.php?aID=7&article=Chondrosarcoma. 

95. radiopaedia. [Online] Jan 2, 2010. [Cited: Feb 14, 2012.] 

http://radiopaedia.org/encyclopaedia/quizzes/all/8002. 

96. Gartland, A. atpbone.org. [Online] Jan 2009. [Cited: Feb 29, 2012.] http://www.atpbone.org/. 

97. P Riches, B Stansfield, JC Barbenel. Materials and their Biomedical Application - Viscoelasticity. 

Glasgow : Bioengineering Unit, Uni. of Strathclyde, 2011. 

98. Behari, J. Biophysical Bone Behaviour: Principles & Applications. Singapore : J Wiley Press, 

2009. 

99. In Vivo Measurement of Human Tibial Strains During Vigorous Activity. DB Burr, C Milgrom, D 

Fyrhie, M Forwood, M Nyska, A Finestone, S Hoshaw, E Saiag, A Simkin. s.l. : Bone, 1996, Vols. 

18 : pages 405-410. 

100. Bone Cancer among Female Radium Dial Workers. Latency Periods in Incidence Rates by Time 

after Exposure: Brief Communication . Polednak, AP. 1 : pages 77-82, s.l. : J of the National Cancer 

Institute, 1978, Vol. 60. 

101. PJ Buecker, M Gebhardt, K Weber. sarcomahelp.org. [Online] Feb 2005. [Cited: Apr 5, 2012.] 

http://sarcomahelp.org/osteosarcoma.html. 

102. Differences in the Mechanical Behaviour of Cortical Bone Between Compression and Tension 

when Subjected to Progressive Loading. JS Nyman, H Leng, N Dong, X Wang. 6 : pages 613-619, 

s.l. : J of the Mechanical Behaviour of Biomedical Materials, 2009, Vol. 2. 

 

  

 


