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Abstract

Aim: The gold standard in the treatment of brain tumors is
radiotherapy and chemotherapy after surgery. Radiotherapy
with high-energy ionizing radiation after surgery has an im-
portant place in the treatment of brain tumors. Implants with
a high atomic number exhibit strong radiation attenuation and
scattering properties that could potentially compromise the
delivery of radiation therapy by distorting the dose distribu-
tion in and around the implant volume, complicating treat-
ment planning in radiotherapy. In this study, it was aimed to
investigate the interaction of biomaterials used in cranioplasty
applications with X-rays used in radiotherapy using a GAMOS
simulation.

Methods: The head phantom defined in the GAMOS simula-
tion includes, from left to right, 0.2 cm of skin, 0.3 cm of soft
tissue, 1 cm of skull, 12 cm of brain, 1 cm of skull, 0.3 cm of soft
tissue, and finally;, 0.2 cm of skin. In order to observe the ef-
fect of different biomaterials, selected biomaterials (CCM alloy,
stainless steel, alumina, NiTi alloy, titanium, PEEK, PMMA,
and PTFE) were defined instead of a 1 cm skull. In this config-
uration, the brain tissue is also defined as the detector to absorb
energy.

Results: Cortical bone has a density of 1.920 g/cm® and the
dose taken by the brain tissue was found to be 4,843 Gy. It was
observed that the dose value absorbed in the brain tissue de-
creased with the increase in the densities of the biomaterials
used in cranioplasty. Dose results for PTFE and PEEK bioma-
terials were found to be close to bone tissue.

Conclusion: As a result, PEEK and PMMA biomaterials,
whose densities are very close to those of bone tissue, showed
similarity to bone tissue in terms of radiotherapy dose distri-
bution.
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Oz

Amag: Beyin timorlerinin tedavisinde altin standart cer-
rahi sonras: radyoterapi ve kemoterapidir. Cerrahi sonrasi
yiiksek enerjili iyonlastirici radyasyon ile radyoterapi beyin
timorlerinin tedavisinde onemli bir yere sahiptir. Yiiksek
atom numarasina sahip implantlar, implant hacmi igindeki
ve etrafindaki doz dagilimini bozarak radyoterapide tedavi
planlamasi zorlastirarak radyasyon tedavisinin verilme-
sini potansiyel olarak tehlikeye atabilecek giiclii radyasyon
zayiflamast ve sagilma ozellikleri sergiler. Bu galismada, kra-
nioplasti uygulamalarinda kullanilan biyomalzemelerin rad-
yoterapide kullanilan X-11nlari ile etkilesiminin bir GAMOS
simiilasyonu kullanilarak arastirilmas: amaglanmugtir.

Yontem: GAMOS simiilasyonunda tanimlanan kafa fanto-
mu, soldan saga dogru 0,2 cm deri, 0,3 cm yumusak doku,
1 cm kafatasy, 12 cm beyin, 1 cm kafatasi, 0,3 cm yumusak
doku ve son olarak, 0,2 cm cilt. Farkli biyomalzemelerin et-
kisini gézlemleyebilmek i¢in 1 cm kafatas: yerine segilen bi-
yomalzemeler (CCM alasimy, paslanmaz gelik, aliimina, NiTi
alagimy, titanyum, PEEK, PMMA ve PTFE) tanimland:. Bu
konfigiirasyonda, beyin dokusu ayn1 zamanda enerjiyi emen
detektor olarak tanimlanir.

Bulgular: Kortikal kemigin yogunlugu 1.920 g/cm® olup, be-
yin dokusunun aldig1 doz 4.843 Gy olarak bulundu. Kraniop-
lastide kullanilan biyomateryallerin yogunluklarinin artmasi
ile beyin dokusunda sogurulan doz degerinin distigi goz-
lendi. PTFE ve PEEK biyomateryalleri i¢in doz sonuglarmin
kemik dokusuna yakin oldugu bulundu.

Sonug: Sonug olarak yogunluklar: kemik dokusuna ¢ok ya-
kin olan PEEK ve PMMA biyomateryalleri radyoterapi doz
dagilimi agisindan kemik dokusuna benzerlik gostermistir.

Anahtar Kelimeler: biyomalzemeler, kranioplasti, radyote-
rapi, GAMOS
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Introduction

Approximately 1-2% of all malignancies are caused by
central nervous system (CNS) tumors (1). Although
they are rarely seen, they have high morbidity and
mortality rates (2). Especially in high-grade tumors
such as anaplastic astrocytoma and glioblastoma, the
five-year survival rate varies between 5.5 and 29.7%
(3,4). Radiotherapy and chemotherapy are considered
the prevailing treatment modalities for brain tumors
subsequent to surgical intervention, establishing the
gold standard in clinical practice (5). Craniectomy is
a common procedure that may be needed for tumor
infiltration of the skull bone and a malignant middle
cerebral artery infarction (6). The term “cranioplasty”
refers to a surgical procedure aimed at restoring the
integrity and functionality of the skull by repairing
any cranial defects (7). The ideal cranioplasty material
should have good biocompatibility, compatibility with
imaging, skull contour reconstruction, cerebral protec-
tion, osteogenic potential, and avoidance of donor site
problems. Different biomaterials (titanium, stainless
steel, PEEK, PTFE, etc.) are used in cranioplasty ap-
plications. The utilization of high-energy ionizing ra-
diation in the form of radiotherapy following surgical
intervention holds significant significance in the man-
agement of brain tumors. Today, different treatment
techniques are used with the developing technology to
reduce radiotherapy’s side effects and obtain a homo-
geneous dose distribution. Two of these techniques are
intensity-modulated radiotherapy (IMRT) and volu-
metric-modulated arc therapy (VMAT) (8). However,
the utilization of prosthetic devices in various applica-
tions, such as cranioplasty, gives rise to nuclear interac-
tions with high-energy ionizing radiation, hence lead-
ing to the generation of secondary particles. Implants
with high atomic numbers possess notable character-
istics in terms of radiation attenuation and scattering.
These features have the ability to hinder the effective
administration of radiation therapy by causing dis-
tortions in the distribution of radiation doses within
and surrounding the implanted area. Consequently,
this complicates the process of treatment planning in
the field of radiotherapy (9). Although there are tech-
niques such as IMRT and VMAT designed to prevent
uncertainty that must be defined mathematically aris-
ing from these implants, the treatment could not be op-

timized as necessary due to the reduction of possible
beams passing through the implant, the reduction of
degrees of freedom, and potentially the limitation of
dosimetric quality (10,11).

The objective of this work was to examine the interac-
tion between biomaterials used in cranioplasty proce-
dures and X-rays employed in radiotherapy, employ-
ing a Monte Carlo simulation. The results obtained
from eight different biomaterials used in the study
were compared with those obtained for the skull,
known as cortical bone. They showed which bioma-
terial was similar to bone in terms of the interaction
of X-rays.

Method
2.1. Monte Carlo Simulation

Numerous Monte Carlo programs have been effec-
tively employed in the realm of radiation simulations
(12,13). The four most widely utilized software pack-
ages in the field are BEAMnrc (14), MCNP (15), PE-
NELOPE (16), and GEANT4 (17). These scripts em-
ploy specific programming languages, such as C++,
which may provide challenges for researchers who
lack familiarity with these programming languages. In
contrast, there exist software applications that serve as
intermediaries between users and the aforementioned
primary programs. These secondary software appli-
cations use the underlying code of the main product,
hence eliminating the requirement for the user to ac-
quire any expertise in programming languages. One
example of such software is GAMOS. The GAMOS
software framework, which is extensively employed
in the field of medical physics, is built around the
GEANT4 toolkit (18). The simulations in this study
were conducted using the GAMOS v.6.2.0 software
program.

The geometry file was defined for GAMOS simulation.
Gun and target volumes were created in the center of
the Linac banker, which consists of 2000x2000x2000
cm’® air. The tungsten collimator was defined in the
banker, and the collimator field size was determined
to be 5x5 cm® In radiotherapy, slab, cylindrical, and
Alderson phantoms are used to plan the treatment
of different parts of the human body. This study de-
fined the source skin distance as 100 cm in the slab
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Figure 1. Geometry of GAMOS simulation.

phantom geometry file. The phantom comprises layers
arranged from left to right, consisting of 0.2 cm of skin,
0.3 cm of soft tissue, 1 cm of skull, 12 cm of brain, 1 cm
of skull, 0.3 cm of soft tissue, and 0.2 cm of skin. The
chosen biomaterials were individually substituted for the
1 cm cranium to investigate the impact of various bio-
materials. In the present arrangement, brain tissue is also
designated as the energy absorption medium (Figure 1).

The input file encompassed the definition of parameters

related to physics, generator, and dose collecting. The
electromagnetic physics package was employed in the
simulation. The simulations were conducted with a gam-
ma ray energy of 6 MeV. The scoring criteria involved
quantifying the dose detected by the mechanisms of
“GmG4PSDoseDeposit”. The input file did not utilize any
filter or user action command. All particles that arrived
at the detector were included in the analysis. While the
scoring system incorporated all physical processes, vari-

Table 1. Densities of biomaterials and dose estimates were obtained from a GAMOS simulation.

Material Density (g/cm?®) | Dose (Gy) | Difference (%)
Bone 1,920 4,843 -

Alumina 3,900 4,796 0,981
CCM Alloy 2,670 4,806 0,760
NiTi Alloy 6,700 4,712 2,781
PEEK 1,320 4,844 0,030
PMMA 1,200 4,847 0,082
PTFE 2,200 4,838 0,094
Ti-6Al-4V 4,430 4,754 1,862
Stainless Steel 8,030 4,659 3,951
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ance reduction strategies were not employed. A dataset
consisting of 107 photons was employed to enhance the
accuracy of the Monte Carlo simulations and minimize
statistical uncertainty.

. D —Dpij i
leference (%) — Bone — Biomaterial x100
Bone

Equation 1 was used to find the percentage difference
between the dose values for bone and biomaterials
from the GAMOS simulation study.

2.2. Use Of Biomaterials In Cranioplasty

There are many different biomaterials preferred for
cranjoplasty. Stainless steel is a metal material commonly
used to reconstruct hard tissues such as bone. Stainless
steel has quickly become suitable for neurosurgeons due
to its low cost and good machinability (19). Polyeth-
eretherketone (PEEK), a material widely recognized and
extensively employed in the field of spine surgery, has re-
cently found application in the domain of cranioplasty
(20-24). Polymethylmethacrylate (PMMA) is a self-cur-
ing acrylic resin that can be used to repair cranial defects

4,900

(25). CCM alloy, also referred to as vitallium, is an alloy
composed of cobalt, chromium, and molybdenum. It
is utilized for the purpose of repairing cranial abnor-
malities (26). Alumina has been widely utilized as the
preferred bioceramic material for dental implants and
cranioplasty procedures for an approximate duration
of three decades (27). Polytetrafluoroethylene (PTFE),
a polymeric biomaterial), It is used in many areas, such
as cranioplasty (28). Titanium alloy (Ti, Al, V) and NiTi
alloy have been adopted as prostheses in orthopedic ap-
plications (29,30).

Results

The densities of the implant materials used in the
study and the dose amounts in the brain tissue are giv-
en in Table 1. Cortical bone has a density of 1.920 g/
cm® and the dose taken by the brain tissue was found
to be 4,843 Gy. It was observed that the dose value ab-
sorbed in the brain tissue decreased with the increase
in the densities of the biomaterials used in cranioplas-
ty. Dose results for PMMA and PEEK biomaterials
were found to be close to bone tissue.
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Figure 2. Dose value for different implant materials.
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The dose values of stainless steel and Ti-6Al-4V alloys
showed a significant decrease compared to bone tissue
(Figure 2).

Discussion

This study investigated the effect of different biomaterials
used in cranioplasty surgery on the radiotherapy dose.
The obtained findings were compared with bone tissue.

In a study using titanium and steel spinal implants, the
dosimetric perturbation effect of these implants at differ-
ent photon energies was investigated (31). Calculations
using the MCNP4C Monte Carlo code showed a dose re-
duction of 5.0 - 6.2 % and 10.2 - 11.2 %, respectively, in
the doses they received after the titanium and steel rods
(31).

In an adult male head and neck phantom, measure-
ments were taken between the mandible and soft tissue
with TLD while the titanium alloy plate and screws were
mounted or not, and the effect of the implant on the ra-
diation dose was examined. As a result of measurements
with and without implants, dose differences ranging
from 2.1 to 3.0% were observed (32).

In another study, hip implants produced from stainless
steel, titanium, and cobalt chrome molybdemium (Co-
Cr-Mo) using Monte Carlo simulation, beam profiles
were measured at a depth of 20 cm in a modeled water
phantom. They reported a 25-45% dose reduction for
stainless steel and 20-25% for titanium (33).

5. Conclusion

Several biomaterials have been investigated as alterna-
tives to cortical bone, including PMMA, PEEK, PTFE,
CCM Alloy, Alumina ceramic alloy, and titanium alloys.
These materials have shown promising results in closely
resembling the properties of natural bone. The primary
factor contributing to this phenomenon is the similarity
in density between the biomaterial utilized and the corti-
cal bone. Based on the findings presented, evaluating the
specific type of biomaterial used in cranioplasty surgery
is imperative when determining the optimal dosage for
radiotherapy.

Received/Gelis Tarihi: 20.07.2023
Accepted/Kabul Tarihi: 05.01.2024

References

1

10.

1L

12.

Ostrom QT, Gittleman H, Fulop J, Liu M, Blanda R, Kromer C, et al. CBTRUS Sta-
tistical Report: Primary Brain and Central Nervous System Tumors Diagnosed in the
United States in 2008-2012. Neuro Oncol. 2015;17 Suppl 4(Suppl 4):iv1-iv62.doi: htt-
ps://doi.org/10.1093/neuonc/nov189

Tas ZA, Kulahci O. Histopathological Analysis of Central Nervous System Metastases:
Six Years of Data From a Tertiary Center. Cureus. 2022;14(2):¢22151.doi: https://doi.
org/10.7759/cureus.22151

Hernandez-Hernandez A, Reyes-Moreno I, Gutierrez-Aceves A, Guerrero-Jua-
rez V, Santos-Zambrano J, Lopez-Martinez M, et al. Primary Tumors of the Cent-
ral Nervous System. Clinical Experience at a Third Level Center. Rev Invest Clin.
2018;70(4):177-83.doi: https://doi.org/10.24875/RIC.18002399

Ostrom QT, Gittleman H, Xu J, Kromer C, Wolinsky Y, Kruchko C, et al. CBTRUS
Statistical Report: Primary Brain and Other Central Nervous System Tumors Diag-
nosed in the United States in 2009-2013. Neuro Oncol. 2016;18(suppl_5):v1-v75.doi:
https://doi.org/10.1093/neuonc/now207

Hill CI, Nixon CS, Ruehmeier JL, Wolf LM. Brain Tumors. Physical Therapy.
2002;82(5):496-502.doi: https://doi.org/10.1093/ptj/82.5.496

Piitulainen JM, Kauko T, Aitasalo KM, Vuorinen V, Vallittu PK, Posti JP. Outcomes of
cranioplasty with synthetic materials and autologous bone grafts. World Neurosurg.
2015;83(5):708-14. doi: https://doi.org/10.1016/j.wneu.2015.01.014

Pehlivanh A, Bolikdemir MH. Investigating the effects of biomaterials on proton
Bragg peak and secondary neutron production by the Monte Carlo method in the
slab head phantom. Applied Radiation and Isotopes. 2022;180:110060. doi: https://
doi.org/https://doi.org/10.1016/j.apradis0.2021.110060

Soydemir GP, Bilici N, Tiken EE, Balkanay AY, Sisman AE Karacetin D. Hippocampal
sparing for brain tumor radiotherapy: A retrospective study comparing intensity-mo-
dulated radiotherapy and volumetric-modulated arc therapy. J Cancer Res Ther.
2021517(1):99-105.do: https://doi.org/10.4103/jert JCRT_32_19

Das IJ, Cheng CW, Mitra RK, Kassaee A, Tochner Z, Solin LJJMp. Transmission and
dose perturbations with high-materials in clinical electron beams: Transmission and

dose perturbations. 2004;31(12):3213-21.

Arnfield MR, Otto K, Aroumougame VR, Alkins RD. The use of film dosimetry of
the penumbra region to improve the accuracy of intensity modulated radiotherapy.

Med Phys. 2005;32(1):12-8.doi: https://doi.org/10.1118/1.1829246

Andrew Katsifis G, McKenzie DR, Hill R, Connor MO, Milross C, Suchowerska N.
Radiation dose perturbation at the tissue interface with PEEK and Titanium bone
implants: Monte Carlo simulation, treatment planning and film dosimetry. Radi-
ation Physics and Chemistry. 2022;199:110398. doi: https://doi.org/https://doi.or-
/10.1016/j.radphyschem.2022.110398

Meryem Cansu § and Kaan M. Evaluation of X-Ray Shielding Ability of Tungsten
Rubber: A GAMOS Monte Carlo Study. Stileyman Demirel University Faculty of Arts
and Science Journal of Science, 2023;18:1-9, May. 2023, doi: https://doi.org/https://doi.
org/10.29233/sdufeffd. 1241050

Volume 5 Issue 1 | http://jms.yeniyuzyil.edu.tr | Journal of Medical Sciences 20


http://jms.yeniyuzyil.edu.tr
https://doi.org/10.1093/neuonc/nov189
https://doi.org/10.1093/neuonc/nov189
https://doi.org/10.7759/cureus.22151
https://doi.org/10.7759/cureus.22151
https://doi.org/10.24875/RIC.18002399
https://doi.org/10.1093/neuonc/now207
https://doi.org/10.1093/ptj/82.5.496
https://doi.org/10.1016/j.wneu.2015.01.014
https://doi.org/https://doi.org/10.1016/j.apradiso.2021.110060
https://doi.org/https://doi.org/10.1016/j.apradiso.2021.110060
https://doi.org/10.4103/jcrt.JCRT_32_19
https://doi.org/10.1118/1.1829246
https://doi.org/https://doi.org/10.1016/j.radphyschem.2022.110398
https://doi.org/https://doi.org/10.1016/j.radphyschem.2022.110398
https://doi.org/https://doi.org/10.29233/sdufeffd.1241050
https://doi.org/https://doi.org/10.29233/sdufeffd.1241050

Journal of Medical Sciences

Arastirma Makalesi / Research Article

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Meryem Cansu $, Kaan M, Hasan B. Validation of a Proposed Equation for De-
termining the Half-Thickness Value of Gamma and X-Ray Radiation. Siileyman
Demirel University Faculty of Arts and Science Journal of Scienc. 2023;18:10-17,
May. 2023, doi: https://doi.org/10.29233/sdufeffd.1244542

Rogers D, Walters B, Kawrakow JNRP. BEAMnrc users manual. 2009;509:12.

Forster RA, Cox L], Barrett RE Booth TE, Briesmeister JE Brown FB, et al. MCNP™
version 5. 2004;213:82-6.

Salvat E Ferndndez-Varea JM, Sempau J, editors. PENELOPE-2006: A code system
for Monte Carlo simulation of electron and photon transport. Workshop procee-

dings; 2006: Citeseer.

Agostinelli S, Allison J, Amako Ka, Apostolakis J, Araujo H, Arce B, et al. GE-
ANT4—a simulation toolkit. 2003;506(3):250-303.

Arce B, Lagares JI, Harkness L, Pérez-Astudillo D, Cafiadas M, Rato B et al. Ga-
mos: A framework to do Geant4 simulations in different physics fields with an
user-friendly interface. 2014;735:304-13.

Murtagh E Scott M, Wycis HT. Stainless steel cranioplasty. Am J Surg.
1956;92(3):393-402.doi: https://doi.org/10.1016/s0002-9610(56)80112-8

Schwitalla A, Muller WD. PEEK dental implants: a review of the literature. ] Oral
Implantol. 2013;39(6):743-9.doi: https://doi.org/10.1563/ AAID-JOI-D-11-00002

Kurtz SM, Devine JN. PEEK biomaterials in trauma, orthopedic, and spinal imp-
lants. Biomaterials. 2007;28(32):4845-69.doi: https://doi.org/10.1016/j.biomateri-
als.2007.07.013

Thien A, King NK, Ang BT, Wang E, Ng I. Comparison of polyetheretherketone
and titanjum cranioplasty after decompressive craniectomy. World Neurosurg.

2015;83(2):176-80.doi: https://doi.org/10.1016/j.wneu.2014.06.003

Panayotov IV, Orti V, Cuisinier E Yachouh J. Polyetheretherketone (PEEK) for
medical applications. ] Mater Sci Mater Med. 2016;27(7):118.doi: https://doi.
0rg/10.1007/s10856-016-5731-4

Pokorny D, Fulin P, Slouf M, Jahoda D, Landor I, Sosna A. [Polyetheretherketo-

ne (PEEK). Part II: application in clinical practice]. Acta Chir Orthop Traumatol
Cech. 2010;77(6):470-8.

25.

26.

27.

28.

29.

30.

31

32.

33.

Ott G. [Bone sarcoma (author’s transl)]. MMW Munch Med Wochenschr.
1978;120(40):1295-8.

Molinari A, Straffelini G, Tesi B, Bacci T. Dry sliding wear mechanisms of
the Ti6AI4V alloy. Wear. 1997;208(1):105-12.doi: https://doi.org/https://doi.
0rg/10.1016/S0043-1648(96)07454-6

Kobayashi S, Hara H, Okudera H, Takemae T, Sugita K. Usefulness of ceramic
implants in neurosurgery. Neurosurgery. 1987;21(5):751-5.doi: https://doi.
org/10.1227/00006123-198711000-00032

Maier W. Biomaterials in skull base surgery. GMS Curr Top Otorhinolaryngol
Head Neck Surg. 2009;8:Doc07.doi: https://doi.org/10.3205/cto000059

Ganesh BKC, Ramanaih N, Chandrasekhar Rao PV. Dry Sliding Wear Behavior
of Ti-6Al-4V Implant Alloy Subjected to Various Surface Treatments. Tran-
sactions of the Indian Institute of Metals. 2012;65(5):425-34. doi: https://doi.
0rg/10.1007/s12666-012-0147-4

Meshabi Asghar, Nejad Farshad Seyed. Monte Carlo Study on the Impact of Spi-
nal Fixation Rods on Dose Distribution in Photon Beams. Reports of Practical
Oncology & Radiotherapy, 2007;12(5), 261-266. doi: https://doi.org/10.1016/
S1507-1367(10)60064-8

De Mello-Filho, E V,, Auader, M., Cano, E,, Carrau, R. L., Myers, E. N., & Miles,
C. E. Effect of Mandibular Titanium Reconstructive Plates on Radiation Dose.
American Journal of Otolaryngology, 2003;24(4), 231-235. doi: https://doi.org/
10.1016/50196-0709(03)00033-4

Buffard, E., Gschwind, R., Makovicka, L., & David, C. Monte Carlo Calcula-
tions of The Impact of A Hip Prosthesis on The Dose Distribution. Nuclear
Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, 2006;251(1), 9-18. doi: https://doi.org/10.1016/j.
nimb.2006.05.031

Lin, S. Y, Chu, T. C, Lin, J. P, & Liu, M. T. The Effect of a Metal Hip Prosthe-
sis on The Radiation Dose in Therapeutic Photon Beam Irradiations. Applied
Radiation and 1sot0pes, 2002;57(1), 17-23. doi: https://doi.org/10.1016/s0969-
8043(02)00078-7

21 Journal of Medical Sciences | http://jms.yeniyuzyil.edu.tr| Volume 5 Issue 1


http://jms.yeniyuzyil.edu.tr
https://doi.org/10.29233/sdufeffd.1244542
https://doi.org/10.1016/s0002-9610(56)80112-8
https://doi.org/10.1563/AAID-JOI-D-11-00002
https://doi.org/10.1016/j.biomaterials.2007.07.013
https://doi.org/10.1016/j.biomaterials.2007.07.013
https://doi.org/10.1016/j.wneu.2014.06.003
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/10.1007/s10856-016-5731-4
https://doi.org/https://doi.org/10.1016/S0043-1648(96)07454-6
https://doi.org/https://doi.org/10.1016/S0043-1648(96)07454-6
https://doi.org/10.1227/00006123-198711000-00032
https://doi.org/10.1227/00006123-198711000-00032
https://doi.org/10.3205/cto000059
https://doi.org/10.1007/s12666-012-0147-4
https://doi.org/10.1007/s12666-012-0147-4
https://doi.org/10.1016/S1507-1367(10)60064-8
https://doi.org/10.1016/S1507-1367(10)60064-8
https://doi.org/10.1016/S1507-1367(10)60064-8
https://doi.org/10.1016/S1507-1367(10)60064-8
https://doi.org/10.1016/j.nimb.2006.05.031
https://doi.org/10.1016/j.nimb.2006.05.031
https://doi.org/10.1016/s0969-8043(02)00078-7
https://doi.org/10.1016/s0969-8043(02)00078-7

