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5.	Is	it	true	that	eukaryotic	cells	have	internal	membranes?	(explain)	
	
	
	
	
	
6.	What	is	an	oncogene?	(explain)	
	
	
	
	
	
7.	Using	the	table	below,	find	a.	how	many	of	hydrated	electrons	are	produced,	on	
average,	when	a	20-keV	electron	stops	in	water.	And	b.	how	many	OH	radicals	are	
produced	by	a	500-eV	electron	that	stops	in	water?		
	

	
	
	
	
	
	
	
8.	What	is	the	role	of	the	enzyme	catalase?	(explain)	
	
	
	
	
	
9.	Why	is	the	tumor	microenvironment	relevant	to	radiotherapy?	(explain)	
	
	
	
	
	

13.5 Chemical Yields in Water 407

Table 13.3 G Values (Number per 100 eV) for Various Species in
Water at 0.28 µs for Electrons at Several Energies

Electron Energy (eV)

Species 100 200 500 750 1000 5000 10,000 20,000

OH 1.17 0.72 0.46 0.39 0.39 0.74 1.05 1.10
H3O+ 4.97 5.01 4.88 4.97 4.86 5.03 5.19 5.13
e–

aq 1.87 1.44 0.82 0.71 0.62 0.89 1.18 1.13
H 2.52 2.12 1.96 1.91 1.96 1.93 1.90 1.99
H2 0.74 0.86 0.99 0.95 0.93 0.84 0.81 0.80
H2O2 1.84 2.04 2.04 2.00 1.97 1.86 1.81 1.80
Fe3+ 17.9 15.5 12.7 12.3 12.6 12.9 13.9 14.1

the other species, such as H2O2 and H2, increase with time. As mentioned earlier,
by about 10–6 s the reactive species remaining in a track have moved so far apart
that additional reactions are unlikely. As functions of time, therefore, the G values
change little after 10–6 s.

Calculated yields for the principal species produced by electrons of various ini-
tial energies are given in Table 13.3. The G values are determined by averaging the
product yields over the entire tracks of a number of electrons at each energy. [The
last line, for Fe3+, applies to the Fricke dosimeter (Section 10.6). The measured
G value for the Fricke dosimeter for tritium beta rays (average energy 5.6 keV),
is 12.9.] The table indicates how subsequent changes induced by radiation can be
partially understood on the basis of track structure—an important objective in ra-
diation chemistry and radiation biology. One sees that the G values for the four
reactive species (the first four lines) are smallest for electrons in the energy range
750–1000 eV. In other words, the intratrack chemical reactions go most nearly to
completion for electrons at these initial energies. At lower energies, the number of
initial reactants at 10–12 s is smaller and diffusion is more favorable compared with
reaction. At higher energies, the LET is less and the reactants at 10–12 s are more
spread out than at 750–1000 eV, and thus have a smaller probability of subsequently
reacting.

Similar calculations have been carried out for the track segments of protons and
alpha particles. The results are shown in Table 13.4. As in Fig. 7.1, pairs of ions
have the same speed, and so the alpha particles have four times the LET of the
protons in each case. Several findings can be pointed out. First, for either type of
particle, the LET is smaller at the higher energies and hence the initial density of
reactants at 10–12 s is smaller. Therefore, the efficiency of the chemical development
of the track should get progressively smaller at the higher energies. This decreased
efficiency is reflected in the increasing G values for the reactant species in the first
four lines (more are left at 10–7 s) and in the decreasing G values for the reaction
products in the fifth and sixth lines (fewer are produced). Second, at a given velocity,
the reaction efficiency is considerably greater in the track of an alpha particle than
in the track of a proton. Third, comparison of Tables 13.3 and 13.4 shows some
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10.	Provide	a	short	derivation	of	the	equation	that	gives	the	Surviving	Fraction	in	the	
multitarget	model.			
	
	
	
	
	
	
	
	
	
11.	How	does	the	multitarget	model	differ	from	the	Linear-Quadratic	model?	
	
	
	
	
	
	
	
12.	Describe	the	Oxygen	Effect	and	explain	its	importance	in	radiotherapy.	
	
	
	
	
	
	
	
13.	Draw	a	qualitative	graph	of	the	surviving	fraction	for	both	early-responding	and	late-
responding	cells.		
	
	
	
	
	
	
	
	
	
	
	
	
	
14.	Write	the	equation	for	the	Biologically	Effective	Dose	(BED)	as	a	function	 BED D,N( ) 	
of	the	total	dose	D	and	of	the	number	of	fractions	N	
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15.	Consider	the	BED	modified	with	the	inclusion	of	total	treatment	time	T	in	a	
fractionated	radiotherapy	
	

BED D,N ,T( ) = BED D,N( )− T −Tk
α Tp ln2

	

	
where	N	is	the	number	of	fractions,	Tk	is	the	kickoff	time	for	tumor	cell	repopulation	and	
Tp	is	the	tumor	population	doubling	time.	Clearly,	because	of	the	time-dependent	term,	
the	longer	we	wait,	and	the	less	effective	the	treatment	is;	
	

• let	Δt 	be	the	time	between	fractions	and	write	the	total	time	as	a	function	of	N	
and	Δt 	

• use	the	previous	result	to	rewrite	the	expression	BED D,N ,T( ) 	as	a	function	
BED D,N ,ΔT( ) 		

• what	is	the	rationale	behind	this	formula?	How	is	it	related	to	the	4R's	(or	5R's)	
of	Radiobiology?		
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14.	 BED D,N( ) = D 1+ D N
α β

⎛
⎝⎜

⎞
⎠⎟
	

	
15.	The	total	time	is	T = N −1( )Δt .	This	means	that		
	

BED D,N ,T( ) = BED D,N( )− T −Tk
α Tp ln2

= D 1+ D N
α β

⎛
⎝⎜

⎞
⎠⎟
−
N −1( )Δt −Tk
α Tp ln2

	

	
This	expression	has	two	terms:	the	first	is	positive	and	becomes	larger	for	smaller	N,	
the	second	becomes	more	negative	for	larger	N.	This	means	that	the	BED	is	largest	
for	N=1.		
	
This	result	is	mathematically	correct,	but	it	is	not	acceptable	in	practice.	Indeed	the	
total	dose	in	a	regular	treatment	is	of	the	order	of	several	tens	of	Gy's,	and	this	
means	that	damage	to	healthy	tissues	in	a	non-fractionated	treatment	could	be	
excessive.	Thus,	to	optimize	we	should	include	at	least	one	term	that	takes	into	
account	the	normal	tissue	complication	probability	(NTCP).		
Importantly,	the	modified	BED	formula	includes	repopulation.	
	
	
	


