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はしがき

広島大学原爆放射線医科学研究所には平成3年度より平成5年度までの間に、中性子の

生物影響を研究する目的で、中性子発生装置が導入された(定価約5億円) 。すでに本年

は平成20年であるので完成してから15年経過した、本研究が始まった際もすでに10年以

上経過していた。当初、中性子発生装置の本体は、 3MeVのシェンケル型加速器である。こ

の加速器で主に陽子(重陽子、アルファ線も可能)を加速する。目的とする中性子の発生

は、リチウムターゲット-の陽子を当てることによってLi (p, n)反応により中性子を発生

させる。この中性子は単色で0.1 - 1.2MeVの範囲のエネルギーを持つ。この加速器の電流は

最大で1mAで、その際の線量率は30cGy/minである。設計に際して生物照射のためには短

時間の照射が必要であり、想定されるあらゆる実験系に対し30分から1時間以内に照射が

完了できることを目標とした。この装置は少なくとも日本で初めて建設された装置であっ

たこともあり、その後1年間強は調整のための作業が中心であった。平成7年度から本格

的な生物影響研究が開始された。しかし、 10年経過するにつれ、加速管、イオン源などの

消耗が見られるようになった。今回は特に本研究が開始されてまもなく、問題が発生し、

本研究所のすべての放射線発生装置が2年近く運転を自粛したので、主に実験の場所は筑

波大学加速器センターの2MVのタンデトロン(タンデム)加速器で行った。

現実に業務を行っている原子炉や、原爆被爆者で、東海村の被曝などで、実際に被曝の

可能性のあるエネルギー領域は、 0.1 - 1.2MeVである。原爆などの場合は2MeVを中心とし

幅を持ったェネルギ-であり、その影響が論じられている。またこのエネルギー領域では、

放射線防護の分野の知識では中性子の生物影響が大きく変わるとされている。したがって、

このエネルギー領域で"単色可変な"かつ、 "生物実験のできる大線量の"中性子発生装

置が求められていた。

中性子の生物影響研究を進める上で重要なことは、中性子の線量とエネルギースペクト

ルを正確に知ることである。このうち線量は対チェンバー法で正確に決定することができ

た。しかしながらもう一つの要素であるエネルギースペクトルは-リウム3カウンターに

よっていた。しかし、その方法は簡便ではあるが十分な正確さで決定できていなかった。

文部省科学研究費補助金により、飛行時間法(Time offlight ( TOF ) )で正確なェネルギ

-スペクトルが決定できるようになった。またその後空気中への陽子の取り出しと照射の

システムが導入された。その後、カスケードイメージインテンシファイアを使って取り出

された陽子の測定も行った。本研究については、筑波大学の加速器科学研究センターの2

MVのタンデトロン加速器を使って、陽子線を空気中に取り出し、外装チェンバーとシリコ

ンサーフェスバリアー型半導体検出器で細胞レベルの放射線量測定の基礎を考察すること

にした。

ところで単色エネルギーの中性子の発生源を製作し生物影響研究を推進する理由はいく

つかある。主なものをあげると、 (1)中性子はガンマ線や電子線と比べると高い生物影響
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がある。これを高LETの放射線であるという。そのためふつうの放射線と比べることによ

り放射線の生物影響の初期過程でなにが起こるのか、そのメカニズムの解明に役に立つ。

(2)広島原爆の中性子のエネルギーは長崎よりも低いと言われているが、もし影響がェネ

ルギ一によって違うなら広島長崎の被爆者-の放射線の影響を考え直すことにつながる。

(3)中性子の生物影響を理解する事は、中性子を取り扱っている作業従事者など-のリス

クを知ることになる。これは安全な作業を行う基準となる。

中性子の生物影響(RelativeBiologicalEffectiveness ( RBE )　の定義は、同じ生物影響を

与えるガンマ線と中性子線の線量の比である。それが、場合によって7から8と大きいこ

とがある。ときには20にもなることがある。この理由がよく分かっていない。中性子の線

量の70-80%は、生物主要成分である水素に中性子が衝突し、その水素の原子核(陽子)が

走ることによって生じる。しかしこの陽子そのものは、 RBEが1.0- 1.2ぐらいにしかなら

なく説明が困難である。この点については、理論的計算によりその説明を試みた。また、

本研究では細胞レベルの放射線量測定をすすめ、その線量の評価方法について検討し有効

であることを確かめた。

後半では、理論計算に基づいた細胞レベルでの陽子線照射を行った際にそのRBEがどの

ように変化するかの考察についてロシアの研究者との共同研究で行った考察を示す。
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低エネルギー陽子線の照射による中性子の生物影響のメカニズム研究

星　正治

広島大学原爆放射線医科学研究所

間接電離粒子である中性子は、線量の90-95%を二次陽子が、残りの5-10%をその

他の重イオン(酸素、炭素および窒素)が与えている。しかしながら、陽子線および

重イオンのRBEは、 2ないし3であり、陽子と重イオンのRBEのLET依存性を用いて

計算を行っても、中性子のRBE7-10を陽子線および重イオンの重ね合わせで説明する

ことはできない。線量は重ね合わせで説明できるにもかかわらず、その生物効果は全

く説明できない。このことは、反跳核による線量測定、また生物効果の両方に対して

未だ解明されていないことと関係がある可能性を示唆する。これまで行われている実

験では、陽子線はサイクロトロン等の加速器からの数IOMeV以上の陽子線照射がおも

で、高エネルギーの陽子線を用い、エネルギー吸収体を通して生物照射する。このた

め陽子線のトラック端での影響を見ている訳ではない。これに対し中性子線での実験

では、線量は反眺陽子によって運ばれ、このエネルギーはまさに陽子線トラック端と

なっている。

中性子線の生物効果と陽子線の生物効果を比較検討するためには、陽子線トラック

端となる中性子からの二次陽子のエネルギー領域で、 RBEの陽子エネルギー依存性を

見る必要がある。今回は理論的計算により、なぜそのRBEが大きいか検討を加えた。

また中性子からの二次陽子のエネルギー領域における生物影響のデータはほとんど

無く、このエネルギー領域で陽子線の生物影響を調べることは、中性子線の生物影響

を考える上で重要である。我々は、この陽子線トラック端近傍で陽子線の照射を行う

装置の製作を行い、実際に陽子線の大気取り出しを行った。中性子からの二次陽子の

エネルギー領域で、 RBEの陽子エネルギー依存性を見る必要がある。今回は筑波大学

の2MVタンデトロン加速器からの陽子線を使用して、外装チェンバーとシリコンサ

ーフェスバリアー型半導体検出器を使って細胞レベルでの線量測定の方法を検討した。

後半では、理論計算に基づいたそれぞれの細胞レベルでの陽子線照射を行った際にそ

のRBEがどのように変化するかの計算結果とその考察を示す。
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( 1 )イオンチェンバーを使った細胞内線量評価の検討

星　正治、遠藤　暁

広島大学原爆放射線医科学研究所

はじめに

先に述べたとおり、陽子線のトラックの終端のエネルギー領域で陽子線の生

物影響を調べることは、中性子線の生物影響を考える上で重要である。その際

の線量評価をどう測定してどう評価するかについてはまだ明確な方法は確立し

ていない今回は筑波大学の2MVタンデトロン加速器からの陽子線を使用して、

外装チェンバーとシリコンサーフェスバリアー型半導体検出器を使って細胞レ

ベルでの線量測定の方法を検討した。

目的

本研究グループでは、広島・長崎の被ばく線量の評価を行ってきた。

その被ばくには中性子の影響も含まれるが現在では中性子線量がガン

マ線量に対して少なく、その影響の程度は分かっていない。

中性子の被曝の特徴は、中性子自身でなく、 2次的に発生する荷電粒子

によってのみ生物に影響を与えることである。その影響の大きさ(RBE)

は、ガンマ線やⅩ線と比べて2-3倍の場合もあるが、 7-10倍やさらにそ

れより大きい場合も多い。その2次的電離粒子のうち、線量の70%-80%

を反跳陽子が、残りの20-30%をその他の反跳核(-リウム、酸素、炭素

および窒素など)が与えている。しかしながら、陽子線および他の反跳

核のRBEは、大きくても2ないし3であり、陽子と他のイオンのRBEのLET依

存性を用いて計算を行っても、中性子のRBEが7-10にもなることを説明す

ることは容易でない。

本研究では、この理由について考察することを目的とする。最終的に

は、細胞に対して陽子線の照射をし、その影響を調べる。細胞照射は

膜の上に1層付着した状態で行う。細胞は数ミクロン程度の厚さである。

エネルギーが高ければ細胞を通過し線量の評価は可能である。今まで、

より高いエネルギーの実験は存在するが、エネルギーの低い、ブラッ

グピーク近傍やさらに低い止まり際の線量評価は容易でなく、行われ

ていない。この実験を行うためには、実験システムや線量評価法を含

めた検討が必要である。

平行平板でその厚さを変えることができる、外挿チェンバーを使っ

て空気中のイオン化を測定し線量を評価する方法を確立する。
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実験概要

大気取り出し陽子線の線量測定は、筑波大学加速器センター2MeVタ

ンデトロン加速器を用いた。タンデトロンで1.92MeVに加速した陽子線

を2.5〃mハーバーフォイル窓(直径1cmのを通して大気中に取り出した。

大気取り出し陽子線のフラックスをモニターするため、大気取り出しチ

ェンバー中に金1〃,mまたは炭素薄膜32.1〃g/cmのラディェ一夕を設置

して、ラディェ一夕におけるラザフォード散乱される陽子を測定し陽チ

線fluxのモニター用いた。図1にビームモニターに用いたラザフォード

散乱陽子線のスペクトル例を示す。

- 15　-



1 000　　　　　2000　　　　　3000　　　　　4000

Channel

図1 :ビームモニターに用いたラザフォード散乱陽子線のスペクトル。

線量測定には外挿チェンバー(Farwest Technology inc. EIC-1)を用いた。外挿

チェンバーは、入射窓およそ2〃mの極薄の窓で、直径10mm¢の円筒の

厚さを任意に変えることの出来る特殊な電離箱である。セットアップ

を図2に示す。大気取り出しビームの細胞などの生物試料-の照射線量

を評価するため、大気取り出し窓と外挿チェンバーの間にマイラーを

挿入し、線量のマイラー厚さ依存性を測定した。更に、各マイラー厚さ
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時のエネルギースペクトルを確認するため表面障壁型si検出器を外挿

チェンバーと交換して測定を行った。

結果

外挿チェンバーによる測定結果を図3に、表面障壁型si検出器による

測定結果を図4に示す。マイラー厚さを増やすと共に、徐々に線量は上

昇し、 2卜25〃mで最大値となり、更に厚くすると減少する。これは、荷

電粒子のブラッグピークの傾向に一致している。これに対し表面障壁哩

si検出器の場合では、空乏層内で全エネルギーを吸収するためブラッグ

ピークは表れず、飛程が確認できる。
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図3 :外挿チェンバー電離量のマイラー吸収体厚依存性。
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図4 :表面障壁型si検出器カウンテイングレイトのマイラー吸収体厚依存性。
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図5 :表面障壁型si検出器を用いた大気取り出しビームのエネルギースペ

クトル。
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各マイラー吸収体厚みでの表面障壁型si検出器の測定スペクトルを図5

に示す。吸収体で付与したエネルギー分だけエネルギーが低くなること

に加え、エネルギー広がりが増加することが確認できる。各スペクトル

をガウス分布で近似した場合のピーク位置とエネルギー広がりを図6に

示す。測定に利用したSi検出器の241Am-　α線に対する分解能は28keVであ

るので実際の陽子エネルギーの広がりは10keV-106keVと予想される。

ビームプロファイル

大気取り出し後の陽子線のプロファイルを確認するためZnSシートを

取り出し窓に貼付け確認した。写真を図7に示す。陽子線は取り出し窓

いっぱいに広がっていることが確認された。またビームは比較的一様に

広がっており、生物実験には適したビームであった。
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図7 : ZnSによるビームプロファイルの確認。
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図8　空気吸収体厚さに対する陽子線のブラッグピーク計算値
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ナロービームでの確認

図5に示すように、本測定において確認されたブラッグピークはピー

クプラトー比が2:1程度であり、計算上で得られる値、およそ4:1と比較

するとかなり小さい。参考として0.5MeV、 IMeVおよび2MeVに対する計算

を図8に示す。この原因としてビームモニター用散乱体、大気取出し窓

端、またマイラーなどによる散乱陽子による効果の可能性がある。確認

のため、ビームモニター用散乱体厚を出来る限り薄くし(32.1〃g/cm2)、

ナロービームを用いて空気中での外挿電離箱測定を行った。ナロービー

ムのプロファイルを図9に示す。破線が大気取出し窓を示す。したがっ

て、主たるビームは窓端には当たっていないことが確認できる。

外挿電離箱の測定結果を図10(a)、 (b)に示す(a)は電離箱の有感厚

を1mmと2mmに設定した測定であり、 (b)はこの測定値の差をとったもの

である。外挿チャンバーを用いた線量測定では、有感領域の体積を変化

させ差を取ることで入射窓等の効果を差引く手法が用いられる。本測定

においては、有感領域の厚さを1mmから2mmにした際の差の部分が本来の
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線量を示すことになる。 2mm厚と1mm厚で電離電荷の差を示す図10(b)で

は、ピークプラトー比は3.2:1であり、計算値の4:1に近づく。この値に、

W値のエネルギー依存性(図11参照)を考慮すると、 3.7:1でほぼ計算値に

一致する。これらのことより、測定法自体の問題はなく、実際に図5の

照射条件では、吸収体のマイラー厚さに依存したブラッグピークがえら

れていると考えて差し支えない。

線量評価

外挿チェンバーの電離電流は、原医研uCoγ線照射装置が現在使用不

能のため校正が出来ず線量絶対値に変換することが出来ない。そこで、

SSDの波高分布よりおおよその値を評価した。粒子当たりの線量はdE/dx

より特徴付けられるため、 dE/d'xの平均値をスペクトルより以下の式で

求めた。

{dE I dx) -

〟

∑/(E^-dE/dxiE,)
i-0

云f(Et)
i-0

また、エネルギー付与から線量を評価するため、以下の定数を用いる0

lkeV/〟 m=lxlO3(eV)xl. 602xl0"19(C)/{1(T4(g)xl(T3(kg/g)}

=1. 602(nGy)

この値を利用すると、マイラーなしの状態で36.2nGy/p、また最大にな

るのはブラッグピーク上で(今回の測定ではマイラー厚25〃m)、

49.5nGy/pと考えられる。この値より2xl07pでおよそ1Gyであり、陽子電

流3.2pAで運転し、 1Gy/Sの線量率と考えられる。

まとめ

大気取出し陽子線を用いた実験システムと線量評価法を含′めた検討

を行い。基本的な方法を決定した。原医研60Coγ線照射装置が使用でき

なかったためにSSDスペクトルを用いて線量を評価したところ、吸収体

無しで36.2nGy/p、ブラッグピークの上で49.5nGy/pの値が得られた。こ

の値を電離箱データを用いて確認することが必要である。今後、生物照

-　22　-



射実験を行っていく。
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Abstract

We have applied the stochastic track structure technique for the biophysical simulation an

irradiation of growing in mono-layers V79 ,cells with low-energy protons. It was studied the

microscopic energy deposition in cell nuclear and sub-nuclear volumes to get better

understanding the peculiarities of low-energy proton irradiation resulted in enhanced biological

effectiveness near Bragg peak. It was followed the possible correlation between experimental

estimation of RBEM and theoretical values: frequency/dose averaged linear energy and

calculated yield of initial complex DSB breaks. It was found: (i) dose averaged, yD, values for

whole cell nuclear as a function of proton energy has a single peak at 550 keV; (ii) the peak

value is sufficiently larger for local sub-nuclear sensitive volumes than for whole cell nuclear

(in) m the spectrum of initial DNA breaks only complex breaks can correlate with experimental

data on RBEM.
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Introduction

The study of relative biological effectiveness (RBE) of low-energy protons and neutrons

attracts considerable interest for many scientific fields: conventional radiobiology, radiation

protection, radiation risk estimation etc. '" ¥ At that an understanding the role of low energy

protons solely is the basic point to elucidate specific mechanisms of such radiation action 4)

Basically the values of RBE are derived from radiobiological data defining as a ratio of

reference dose to the dose of tested radiation to produce the same biological effect. For the

purposes of radiation protection the main field of interest is a RBE values at low doses, when

dose response function is linear and RBE tends to the quotient initial slopes denoted as RBEM. It

is believed this value is the maximal RBE at low doses.

The intrinsic reason of expected increasing the RBEM values of protons in the energy range

characteristic of the Bragg peak is still the matter of scientific discussion. Therein this study of

microscopic energy deposition in cell-subnuclear targets is the further step toward better

understanding the peculiarities of low-energy proton irradiation resulted in enhanced RBE near

Bragg peak. The used microdosimetry approach is rather universal and mathematically

applicable for theoretical estimation both RBE values and average quality factor <Q>

In experiments the variation of RBEM with proton or neutron energy has been investigated

using mainly cellular data on survival and mutation assays as well as chromosomal aberrations

6-7) Herewith an observed particular RBEM values are depended on object, endpoint, radiation

field and reference radiation. As a result there are a plenty of experimental data, sometimes

differ each other in the values of RBEM. For better understanding, correct interpretation of

radiobiological data and more realistic rather conservative approach for determination a quality

factor the analysis of data should be supplied by biophysical computer modeling.

Our purpose was to present theoretical results on microdosimetry modeling exposure of

V79 cells using stochastic track structure of low energy protons up to full slowing down.

Besides, it was calculated the spectra of initial DNA breaks according to its complexity to test

the hypothesis ~10) whether a complex double strand breaks (DSB) could sometimes correlate

with observed variation of RBEM. In this paper an irradiation of V79 cells growing in

mono-layers and exposed with low-energy protons was simulated. The stochastic effects of

exposure were investigated by modeling the pattern of energy deposition in cell nuclear and

sub-nuclear volumes. It was followed the possible correlation between experimental estimation

of RBEM and theoretical values: frequency/dose averaged linear energy and calculated yield of

initial complex DSB breaks. The presented quantitative modeling is expected to be useful tool

for interpretation of observed RBEM values derived from cell inactivation and mutation data as a

function of initial energy of protons.
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Methods

Proton tracks

The details of stochastic track structure, simulation, estimation of microdosimetry spectra

and DNA breaks induction have been published previously　. In brief, proton tracks with

incident energy in the range 1 keV - 1 MeV were generated by the LepHist code , and proton

track segments with energy in the range 1 MeV - 10 MeV were generated by Pits code 'in

liquid water of unit density. All primary interactions, including elastic scattering, ionizations,

excitations and charge exchange processes by protons and neutral hydrogen were taken into

account. The primary protons generated by LepHist were followed from initial energy down to 1

kev. Secondary electrons produced by ionizations were followed down to energies below 1 eV

then assumed to be locally absorbed. Both in LepHist and Pits code the same routine Kurbuc 14)

were used for generation secondary electron tracks. The codes have been analyzed to provide

the reliability on physical quantities such as full range, W-value, stopping power and radial dose

profiles showing good agreement with experimental and theoretical data 15)

Biological target

In line with analyzed experimental data the following geometry of thin mono-layer has been

considered '-20), see fig. l. In those experiments V79 cells are usually grown attached on mylar

surface and the low energy proton beam goes sequent through mylar base, cell membrane,

cytoplasm and cell nuclear as shown in fig.l. It was shown by fluorescence microscope

measurements ; that the shape of V79 cell nucleus is similar to a rotation ellipsoid of 15汁m

wide and 8 (xm high. The value used in this paper for cytoplasm thickness between base and

nucleus was assumed to be 1 ¥im base . The variation of target size parameters due to

non-homogeneous cell population was not considered in this study.
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fig. 1 The schematic shape of cytoplasm and nuclear in a V79 cell used in the simulation of

mono-layer experiments with irradiation cells by protons, b - impact parameter.

Simulated irradiation conditions

The irradiation of V79 cell monolayer with parallel proton beam incident along Z-axis was

considered using microdosimetry approach . First, it was calculated microdosimetry

frequency distribution, f(y), of linear energy, y=s/<l>, where e - energy imparted in the target

volume, <1> - mean chord length. For this case the superposition of single proton track located

at given impact parameter, b, see fig.l and target volume was tested repeatedly. The

homogeneous distribution on base surface for `b'was used and linear energies were scored to

estimate statistically a frequency averaged, yF, dose averaged, yD, values and corresponded

distributions 3). Those values are defined as follows

yF-Jyf(y)dy; yD-Jyd(y)dy, where d(y)-裏坦
yF

Second, the irradiation to proton beam at given dose D was simulated as following. The
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mean number <N> of proton traversals per target area, S, was calculated as <N>=6.2 D-S/LET,

where D in Gy, S in ¥xm 2, and LET in keV/u.m. For the elementary simulation the actual

number of traversals was extracted from Poisson distribution with expected averaged value <N>.

This type of simulated irradiation was used for estimation the efficiency of DNA breaks per Gy

as a function of absorbed dose according to experimental conditions of V79 cells exposure.

Biophysical estimation

In calculations of microdosimetry spectra the following types of targets were considered.

The first case we consider the whole cell nucleus generated by the rotation of the ellipsoid

shown in fig. 1. In the second case, the absorbed energy was scored in a spherical volume with

diameter l抄m (ICRU sphere) 5) located along the short axis of cell nucleus. In the case of

parallel beam, the mean chord length in a spherical volume equals to 2-〟3, where ・d'is the

diameter of sphere. But for the case, where the target is generated by the rotation of ellipsoid of

the same mass and unit density irradiated along its short axis the mean chord length is 2-e/3,

where `e'is the short axis of ellipsoid which is less than sphere diameter. However, in the case

when full range of proton track is much larger compared with the pathway in the target, the

distribution and mean lineal energy in a sphere and rotation ellipsoid tend to be approximately

similar. In general, the spectra for the two geometries differ owing to larger energy loss in a

sphere.

In addition, we calculated the yield of DNA damage. For this purpose we used a linear

section of DNA of 300 nucleotide pairs randomly orientated with respect to proton beam

direction. The canonical linear double stranded B-DNA was applied for twin helix. The volume

model of DNA and model of strand breakage have previously been described in details　¥ It has

been assumed that energy deposition of 17.5 eV or more in sugar-phosphate moiety results in

induction of a SSB. Two SSB on opposite strands less than 10 base pairs (bp) apart were scored

as one DSB. The yields of SSB and DSB were further classified by complexity 12)

Res ults

The calculated contributions of given linear energy in an absorbed dose in V79 cell nuclear

are presented in fig 2. It was plotted the following functions: y f(y) and y d(y), see "Methods",

so the areas under the curves equal to frequency mean, yF (panel A) and dose averaged, yD,

(panel B) values respectively. As it is defined in microdosimetry 'such spectra show the

compound of frequency averaged value yF, which is microdosimetry analogue of LET, and dose
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averaged value yD, that relates to absorbed dose. Thus, it can prompt what particular range of

linear energy (or LET) is mainly responsible for the observed effect in irradiated V79 cells

Depending of impact parameter 'b'the path-length of proton in a cell nuclear varies from 0

to 8 1m with the average chord equals to 5.3トim, see fig. 1. So, a 10 MeV proton (LET=4.5

keV/fxm) losses very small part of initial energy in cell nuclear. The dispersion of linear energy

shown in fig 2 is basically due to geometry fluctuations of path-length and dispersion of energy

loss. The contrary case is for the 550 keV (LET= 39 keV小m) protons. They enter the cell

nuclear with the energy about 510 keV (LET= 40 keV/nm) get over 1 ト九m path in cytoplasm, so

the entering energy is a little bit less than energy of proton incident on a cell. The range of

510 keV protons is comparable with cell nuclear size, so they can fully absorb in the target. In

this case the linear energy ranges up to (510/5.3)= 96 keV/fAm resulting from full slowing down

of proton inside the cell nuclear. Besides, it can be seen that linear energy distributions of 550

keV protons are significantly asymmetrical, pointing out that events with linear energies much

higher than LET of initial proton assume to be the most important for the expected radiation

effect.
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Fig. 2　Calculated linear energy distributions of 10 MeV and 550 keV protons in a cell

nuclear. Shown are the y f(y) (panel A) and y d(y), (panel B), so the areas under curves

equal to丘・equency, yF, and -dose averaged, yD, values respectively. The structures in the

curves are of statistical nature.
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In the fig, 3 the calculated yF, and yD, values using whole cell nuclear are shown as a

function of initial energy of proton entering a V79 cell. The dotted line is LET of those protons

24), added in the plot for comparison. It should be noted that low-energy protons with energy less

than 70 keV, are not able to give rise a non-zero energy deposition in a cell nuclear due to its

short range, less than thickness of cytoplasm between base and nucleus (about 1 [Am, fig. 1). The

above energy threshold is a little bit higher 50 keV, for which range of proton equals to 1 yim　¥

The reason is significant space curvature of proton tracks full slowing down in cytoplasm, so

only protons with energy 70 keV or more can reach a cell nuclear after crossing 1 ^m of

cytoplasm. Then it can be seen from fig 3 the calculated values are plotted from 70 keV to 10

MeV showing the clear peak at 550 keV. At that comparing the range of protons entering cell

nuclear (510 keV, range is about 9 ¥im) with maximal nuclear size (8 jxm) it can conclude that

the maximum of mean linear energy is expected when residual range of entering protons

exceeds the size of target by about 10-12%.

Fig. 3　Calculated frequency averaged, yF, and dose averaged, yD, values using a cell nuclear as a

function of initial proton energy. The solid line represents LET of protons shown for comparison.

An expected non-homogeneous distribution of imparted energy in a V79 cell nuclear was

examined in the following way. It was tested the two limiting locations in a nuclear: at a top and

at a bottom of nuclear. For this a ICRU microdosimetry sphere (1トim diameter)　was used as

a sensitive virtual detector. The following two limiting locations of this sphere in a cell nuclear

were tested: (1) - at the bottom of cell nuclear, i.e. at the nearest point to a proton beam enter
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and (2) at the top of cell nuclear axis - the most distant from proton beam, see fig.l. The

calculated frequency averaged, yF, and dose averaged, yD, values using ICRU sphere are shown

in the fig. 4 as a function of initial proton energy. In the case (1) proton passes the way at least 1

¥xm to enter the sensitive volume whereas in the case (2) such a way is about 8岬i. So, in the

case (2) the curve is drown from 460 keV (protons of this energy have a range about 8トim) to

10 MeV. Then it can be seen from fig 4 the calculated linear energies show the peaks at 250 and

600 keV for the locations (1) and (2) respectively. Depending on the rest of possible locations of

ICRU sphere along cell nuclear axis the corresponding peaks of mean linear energy are

expected to range from 250 to 600 keV of initial proton energy.

Fig. 4　Calculated frequency averaged, yF, and dose averaged, yD, values using a ICRU sphere

(1 |J.m diameter) located in a cell nuclear at the nearest (1) and the most distant (2) points from

proton beam entry.

The calculated linear energy distributions of 250 keV and 10 MeV protons in ICRU sphere

located in a cell nuclear at the nearest point to proton beam entry (1) are shown in the fig 5.

Compared with the whole cell nuclear a linear energy in ICRU sphere is distributed rather

broadly, up to 160 keV小m. Such linear energy is the result of energy deposition of 107 keV

that is more than half of proton energy entering a cell. Indeed, 250 keV proton (LET=61

keV/岬i) passes 1 [xtn of cytoplasm before it enters to the target. Besides, in the contrast with

whole cell nuclear case, for ICRU sphere the yF value is about twice less yD. Such a difference is

a reliable sign of increasing the role of microdosimetry fluctuations of linear energy with
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decreasing the size of a target. It is a well-known condition for needless of microdosimetry

approach 'instead of usual dosimetry.

60　　　　90　　　120　　　150

y, kev/nm

Fig. 5　Calculated linear energy distributions of 10 MeV and 250 keV protons in a ICRU sphere (1トLm

diameter) located in a cell nuclear at the nearest point from proton beam entry. Shown are the y f(y)

(panel a) and y d(y), (panel b), so the areas under curves equal to frequency, yF> and -dose averaged, yD,

values respectively. The structures in the curves are of statistical nature.
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In the fig. 6 the calculated dose averaged, yD, linear energy using three different sensitive

volumes are shown as a functions of initial energy of proton entering a cell. It was considered

whole cell nuclear calculations compared with ICRU sphere located in a cell nuclear at the

nearest and the most distant point from proton beam entry: (i) - at the bottom of cell nuclear, i.e.

nearest to proton beam enter and (ii) at the top of cell nuclear axis - the most distant from

proton beam, see fig.l. The curves of whole nuclear and ICRU sphere (i) are plotted on the

same range of proton energy from 70 keV to 10 MeV but show the different location of peaks

and heights at the peak. The yD drop between 10 MeV and peak value is 13 for cell nuclear

curve and 18 for ICRU sphere (i). The curve of ICRU sphere (ii) shows about the same drop as

(l) but is shifted towards higher proton energies. The other possible locations of ICRU sphere in

a cell nuclear distributed between two limit points (i) and (ii) are expected to show the curves

with the similar drop at maximum as presented in fig. 6 and distributed between curves (i) and

(ll).

≡
ゴ.

iこさ

>

.9

1。

Fig. 6　Calculated dose averaged, yD, values using a cell nuclear and ICRU sphere located in a cell

nuclear at the nearest (i) and the most distant (ii) point from proton beam entry.
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It was pointed out that cellular effects of ionizing radiation could be determined by

lomzation clusters at the level of DNA molecule, rather than at the level of micrometers

sensitive volumes -10) Therefore the quantitative modeling of initial DNA damage in the

segment of DNA was ca汀Ied out to test the various types of strand break which do or do not

correlate with observed biological effectiveness as a function of initial proton energy. To

investigate this statement, first, it was calculated the yields of DNA breaks using virtual

geometry when protons expose segment of DNA straightforwardly with no slowing down way

before this target. In this case the yields of DNA breaks can be estimated from the lowest energy

of protons, about couple of keVs.

In the fig.7 the yields of DNA breaks per Gray per Dalton simulated in short DNA segment

are shown as a function of initial energy of proton affected straightforwardly to the DNA. Those

results were calculated to show the shape of DNA breaks as a function of proton energy when

protons directly affect DNA. So that, the proton energy ranges from about 5 keV to 10 MeV.

Panel A of fig. 7 presents SSB and panel B - DSB according to their complexity. The results are

presented for simple and complex strand breaks separately for three types of single breaks (ssb,

ssb+, 2 ssb) and sum of its - SSB and three types of double breaks ( dsb, dsb+, dsb++) and sum

of its-DSB.
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To compare the theoretical yields of DNA damage with experimental data the double strand

breaks in DNA segment were extra simulated with averaging on location of target over whole

cell nuclear in the geometry shown in fig.l. In this case there is the low-energy threshold of 70

keV for protons to pass lドm cytoplasm layer. Besides, for low-energy protons with range much

less than geometry chord in cell nuclear the dose distribution is essentially non-homogeneous

over the nuclear that just was taken into account in our modeling. In the fig.8, panel A, the

yields of DSBs simulated in short DNA segment homogeneously distributed in a cell nuclear

are shown as a function of initial energy of protons. It was shown the three types of double

breaks: dsb, dsb+ and dsb++. For comparison the experimental data 16-20) are shown in the same

figure, panel B. The experimental RBEM were drown to match their shapes with simulated

values.

Discussi on

To analyze the details of V79 cells irradiation by proton beam it was used the description in

terms of linear energy `y'. This value has been recommended by ICRU 5) as a tool, more closely

related to biological effects of radiation and useful for estimation of RBE values using dose

averaged linear energy, yD ¥ Considering that linear energy is defined without reference to

track structure it remains applicable even if a range of ionizing particle is less than size of a

target that was just the case of this statement of the task.

Calculated spectra of linear energy and averaged values using ellipsoid model of cell

nuclear, see fig.2-3, obviously show the significant distinction between LET and yF. This

distinction manifests mostly for low-energy protons with ranges comparable or less than a size

of target volume. Plotting calculated yF and yD as a function of proton energy in the fig. 3 it was

found a clear peak at about 550 keV of proton energy. So, the 550 keV protons contribute at

average the largest absorbed energy to cell nuclear compared with the rest: above and below

proton energy values.

Based on the microdosimetry approach and using the distribution of linear energy in ICRU

sphere the quality factor can be calculated as following 5). The expected radiation effect with

given absorbed dose is governed by the spectra of linear energy this dose was delivered. So, the

quality factor <Q> is evaluated by averaging on the linear energy distribution with the following

formula .

育つQ(y) d(y) dy

where d(y) is the distribution of absorbed dose in y; Q(y) - is weighting function determined for
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1トim diameter ICRU tissue sphere. The weighting function Q(y) was based in part on

observations and theoretical considerations in radiation biology and has been fitted by simple

analytic formula in ICRU . The Q(y) shows a peak at linear energy about 140 keV小m (LET

near 120 keV小m) and decreases approximately linearity below and above this value.

We used the above formula to calculate quality factor for low energy protons. Substituting

in the formula the cacculated in this work distributions of absorbed dose, d(y), shown in fig 5,

<Q> was estimated numerically to 27 and 1.6 for 250 keV and 10 MeV protons respectively.

The distribution of linear energy of 250 kev protons calculated using ICRU sphere, fig.5,

extends up to 160 keV小m. It is interesting to note the following statement. The entering in the

target proton with energy 50 keV, which range is about lトtm (full absorption in the ICRU

sphere) gives rise the linear energy 75 keV/n.m. At that the curve y d(y), shown in fig. 5, hAs the

peak at 140 keV小m which is the result of absorption of 93 keV, i.e. much larger full absorption

energy. Therefore, so large linear energies can result only from protons with energies around

Bragg peak that cross the target along sphere diameter. In other words, the largest linear

energies in the ICRU sphere distribution are the result of so called …crossers" (particles crossing

the target) but not of the "stoppers" (particles full slowing down inside the target).

A Hcrossers" are mainly responsible for formation of energy depositions in all the used

targets shown in fig. 6 for energies higher 1 MeV. Those energies correspond to ranges that are

much higher than target size. In this case effect of 6-rays is relatively small. That is why all the

following values: LET, yF and yD were found to be approximately equal each other. With further

decreasing proton energy, curves show the peaks and a sharp drops at 480 keV and 70 keV for

ICRU sphere located in the most distant point (ii) and whole cell nuclear respectively, see fig.6.

The reason of such drops is too small ranges of low-energy protons for they to be able pass the

cytoplasm before nuclear target. The decreasing left parts of the curves result from protons with

ranges about or a bit larger that the distance from base to target which impart small energy of

trackends.

It can be seen from fig. 6 the curves for ICRU sphere have the larger slope and peak values

compared with the case of cell nuclear. Such distinction is the result of difference m size of the

targets. But for the same ICRU sphere and different location inside a cell nuclear - the

distinction is due to different pathways needed for proton to reach the target. The range of yD

value extends up to 106 keV小m for ICRU sphere and up to 77 keV小m for whole cell nuclear

respectively. So, at the peaks, yD value for ICRU sphere is 1.4 higher than for whole cell nuclear.

According to definition, yD value describes the dispersion of linear energy distribution which

increases with decreasing the size of target. This can be extra illustrated by comparison of linear

energy distributions shown in figs 2 and 5 that relate to peaks shown in fig. 6 at 550 and 250

keV respectively. Indeed, the quotient of maximal by mean `y'values are lO6!66 = 1.5 for cell
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nuclear, fig.2, and 165/68 = 2.4 for ICRU sphere, fig.5, respectively. So that with decreasing the

size of a sensitive volume the spread of linear energy goes up.

Fig.7 shows possible types of curve shape for various DNA breaks as a function of proton

energy. It can be clearly seen that both sum of all single breaks (SSB) and simple single breaks

(ssb) show monotone increasing curves in the range from 70 keV to 10 MeV whilst complex

single breaks (ssb+ and 2ssb) show the curve with maximum. The sum of double breaks (DSB)

and the complex breaks (dsb+, dsb++) also show the curves with maximum at about 0.2 MeV.

The exception is the shape of simple double strand breaks (dsb) see fig.7-b.

In the fig. 8 the calculated complex DSB are shown as a function of initial energy of protons

entering a cell. They can be qualitatively compared in curve shapes with experimental values of

RBEM for inactivation/mutation of V79 cells. The presented experimental data are as following.

In the papers　- it was studied the RBEM values of low energy protons with respect to 250

keV X-rays for cell survival using Chinese hamster V79 cell line. They used both proton and

deuteron beams to get the highest LET cause given the same energy a deuteron moves about

twice slower compared proton, so LET increases. The energy of protons and deuterons was

ranged 0.76 - 3.66 MeV. The maximal RBE values were estimated to a ratio of initial slopes of

proton and reference dose response curves. The obtained results showed that for survival

endpoint RBEM ranged from 1.18 when cells were exposed to 1.9 MeV protons to about 9.4 for

0.93 MeV deuterons (0.46 Mev/amu).* In the next paper 18) it was investigated the RBE values

of low energy protons with respect to Co γ-rays for cell survival using V79 cell line. The

proton energies were 3.0 and 7.4 MeV. The maximal RBE values estimated to a ratio of initial

slopes were 3.1 and 1.5 respectively. In the studies　} it was presented the RBE values

estimated using survival and mutation endpoints of V79 cells exposed with proton energy

ranged from 2.8 to 4.5 MeV. In the paper 'authors have published the correction to previous

experimental results . They tried to fit dose response data with more proper curve. So, the

re-evaluated maximal RBE values were calculated as a ratio of initial slopes and ranged from

1.3to5.720)

To put the data " in fig. 8 the incident proton energy entering a cell were used instead of

energy of initial beam or energy in a cell at 3 jim depth as it was used in the original paper.

Then, we have to correct the RBEM values for the lowest-energy protons in the following way.

To fit experimental dose response　} they used two different fitting functions: linear quadratic

Si and parametric regression S2, presented below. Then it was assumed that maximal RBE value

equals to quotient initial slopes (or alpha coefficients) of proton and reference curves for those

two functions. But in the 2nd case the correct estimation of maximal RBE should be calculated

using the following formulas.
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sl-e-α,0-/?pD2　　⇒ RBEm　αp
oc.

s2-/+(l-f)eαpD ラ RBEm-(l-f)旦
αx

where αp, βp, α t, f - parameters of regression.

So that, the presented in fig.8 RBEM values were reduced by 6-30% for proton energies 0.04,

0.26, 0.64 and 0.77 MeV compared with RBEM values presented in the original paper 20)

Note. The misprint in the table 4 0fFolkard et al was remedied.

The results of this paper show the following specific points. The most suitable for

delivering absorbed energy in whole V79 cell nuclear are the protons with incident on a cell

energy of 550 keV. At that the protons with 400 keV were found to be the most efficient to

induce a complex double strand breaks of DNA over a cell nuclear averaged. Comparing 400

keV protons with respect to 10 MeV protons it was found 9 and 5 fold for dsb++ and dsb+

respectively. Those calculated numbers mainly are in the range of experimental RBEM values

shown in the fig. 8, right panel. The rest of examined types of DNA breaks obviously do not

correlate with the experimental data. In general, results of this paper agree well with the

following statements: (1) sensitive sites for cell lethality (transformation) are located in the cell

nuclear and (li) the complex DSB are the most relevant initial lesions leading to cell killing or

tran s formation.

Conclusions

The results of biophysical modeling of initial events in the nuclear of V79 cells by protons

have been presented. The key points of the model are as following (1) a proton stochastic track

structure was simulated by Monte Carlo algorithm followed protons from initial energy to full

local absorption; (2) the biological target was constructed based on morphological data of V79

cells and ICRU sphere in terms of linear energy; (3) complex DNA double strand breaks were

assumed to be a crucial lesions leading to cell killing or transformation. It was not introduced

extra adjustable parameters or fitting procedure in order to compare with experimental data on

cell survival/mutation. Instead, the relative fold of biophysical parameters such as dose averaged

linear energy and complex DNA double strand breaks were considered.

The mam results of this paper obtained for V79 cells can be illustrated in fig. 3 and fig. 8. It

can be seen that: (1) dose averaged, yD, values as a function of proton energy has a single peak

at 550 keV; (n) the peak value is larger for local sub-nuclear sensitive volume than for whole

cell nuclear (lii) in the spectrum of DNA breaks only complex DSB can correlate with

experimental data on RBEM. These findings are m reasonable agreement with
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inactivation/mutation data using V79 cells published by different research groups 0). It should

be pointed out that our calculations are the results of parameter-free simulation. The main

results of this paper showed that local energy deposition in cell nuclear and clustered ionizations

in DNA should play an important role in the formation of radiation biological effect.
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