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Name:	______________________________________	 	 	 	 Date:	______________________	
	
	
In	this	exam	sheet,	there	are	18	questions.		
Each	answer	yields	up	to	2	points	according	to	its	correctness	and	completeness.	
	
1.	What	is	the	radiolysis	of	water?			
	
	
	
	
	
2.	Using	the	table	below,	find	a.	how	many	of	H3O+	ions	are	produced,	on	average,	when	105	
electrons	–	each	with	10	keV	kinetic	energy	–	stop	in	water,	and	b.	how	many	e-aq	ions	are	
produced	by	in	the	same	process.		
	

	
	
	
	
	
	
3.	What	is	the	approximate	volume	of	a	human	cell?	How	many	cells	are	there	in	1	cm3?		
	
	
	
	
	
	
4.	Explain	what	parenchima,	stroma	and	epithelium	are.		
	
	
	
	
	

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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5.	What	is	the	LD50	radiation	dose	for	a	human	being?	And	what	is	the	LD50	radiation	dose	for	
an	extremophile	like	the	D.	radiodurans?	
	
	
	
	
	
6.	What	is	a	stem	cell?	(explain)	
	
	
	
	
	
	
7.	What	are	the	introns?	And	what	are	the	exons?			
	
	
	
	
	
	
8.	What	is	superoxide	dismutase?	Why	is	it	important?		
	
	
	
	
	
	
	
9.	What	is	the	difference	between	necrosis	and	clonogenic	death?		
	
	
	
	
	
	
10.	Explain	how	the	degree	of	hypoxia	of	the	tumor	microenvironment	can	affect	
radiotherapy.		
	
	
	
	
	



	 3	

11.	What	is	range	of	validity	of	the	linear-quadratic	model?	Is	it	correct	to	utilize	the	linear-
quadratic	model	in	a	fractionated	radiotherapy	with	a	total	dose	of	100	Gy?	(explain)	
	
	
	
	
	
12.	Describe	the	multitarget	model,	derive	its	mathematical	expression,	and	compare	it	to	the	
Poisson	model	of	the	surviving	fraction.		
	
	
	
	
	
	
	
	
	
13.	The	following	image	–	taken	from	Barendsen,	Proc.	Conf.	"Microdosimetry",	Ispra	1967	–	
illustrates	an	important	feature	of	the	survival	curve.	Explain	the	meaning	of	the	plots.	
	

	
	



	 4	

14.	What	is	the	mathematical	expression	of	the	TCP	in	the	context	of	the	multitarget	model?		
	
	
	
	
	
	
	
	
	
	
	
15.	The	U-251MG	cell	line	(one	of	the	cell	lines	of	the	brain	tumor	glioblastoma	multiforme)	
has	the	following	LQ	parameters:	𝛼	 = 	0.36	Gy-1	and	𝛽	 = 	0.06	Gy-2.	When	we	irradiate	these	
cells	in	a	fractionated	treatment	with	a	series	of	2	Gy	doses,	what	is	the	effective	D0?		
(Hint:	the	effective	D0	is	defined	in	the	Poisson	model	description	of	the	surviving	fraction:	
𝑆(𝐷) = 𝑒.///1)	
	
	
	
	
	
	
	
	
	
	
	
16.	What	is	the	expression	for	the	biologically	effective	dose	(BED)	and	how	is	it	corrected	for	
cell	proliferation?		
	
	
	
	
	
	
	
	
	
	
17.	AZD7762	is	a	novel	drug	that	is	administered	in	combination	with	DNA-damaging	agents,	
to	enhance	the	efficacy	of	both	conventional	chemotherapy	and	radiotherapy	and	increase	
patient	response	rates	in	a	variety	of	settings.	
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It	works	by	abrogating	the	S	and	G2	checkpoints.	How	does	this	explain	its	radiosensitizing	
activity?		
	
	
	
	
	
	
	
18.	A	trivial	question:	consider	the	following	figures,	which	represent	survival	curves.	How	do	
these	survival	curves	differ?	Motivate	your	answer.		
	

	
	
	
	
	 	

overnight. Cells were dosed for 24 h with a 9-point titration
of gemcitabine ranging from 0.01 to 100 nmol/L with or
without a constant dose of AZD7762 (300 nmol/L). Control
wells were dosed with vehicle alone (0.1% DMSO) or
300 nmol/L AZD7762. After 24 h, medium was removed
and AZD7762 alone was added back to the wells treated
previously with AZD7762 for an additional 24 h. Cells were
then incubated in drug-free medium for an additional
72 h. The effect on cell proliferation was determined by
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethophenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, inner salt assay as recom-
mended by the supplier (Promega). The same experimental

procedure was used for topotecan combinations (top-
oisomerase I inhibitor, analogue of camptothecin) except
an 11-point titration of topotecan ranging from 0.1 nmol/L
to 30 Amol/L was used. Net growth was calculated (AT120 -
AT0 / predose) ! 100 and plotted versus concentration of
chemotherapy in the presence and absence of AZD7762.
IC50 values were calculated by concentration-response
fitting using four-variable logistical equations (Sigmoidal
fit) within Origin Pro.
ClonogenicityAssays
Log-phase parental and p53-null HCT116 cells were

plated, in triplicate, onto 100-mm dishes at 1,000 to 5,000

Figure 1. Flow diagram of high-throughput screening and follow-up. Selection criteria and number of compounds progressing to the next step are listed.
Three prioritized series were chosen as the lead series for continued characterization and SAR development. AZD7762, a thiophene carboxamide urea, was
chosen as the clinical candidate due to an overall superior profile (efficacy, absorption, distribution, metabolism and excretion, and safety).
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Cell survival curves 43

thus correcting for the efficiency with which
undamaged clonogenic cells are detected and for
the different numbers of cells plated. Surviving
fraction is often given as a percentage (10 per cent
in this case).

The above description started with a suspen-
sion of tumour cells. In order to measure in vivo
cell survival we take two groups of experimental
tumours (often subcutaneously implanted tumours
in mice), irradiate one and keep the other as a
control; then, some time after irradiation, we
make cell suspensions from both groups and plate
them out under identical conditions as before.
The difference here is that the cells are irradiated
under in vivo conditions.

Although colony assays have formed a central
place in tumour radiobiology they are not with-
out artefacts. Bearing in mind that the numbers of
cells plated will often differ between control and
treated cultures, a key question is whether colony
counts increase linearly with the number of cells
plated. If they do not, then this will lead to errors
in cell survival. The colonies in Fig. 4.2 have been
drawn to illustrate a feature of colony assays that
was mentioned in the previous section. Irradiation

not only reduces the colony numbers, it also
increases the number of small colonies. Some of
these small colonies may represent clones that
eventually die out; others may arise from cells that
have suffered non-lethal injury that reduces colony
growth rate. Unless they reach the accepted cut-
off of 50 cells they will not be counted, although
their implications for the evaluation of radiation
effects on tumours may be worthy of greater
attention (Seymour and Mothersill, 1989).

4.3 CELL SURVIVAL CURVES

A cell survival curve is a plot of surviving fraction
against dose (of radiation, cytotoxic drug or other
cell-killing agent). Figure 4.3a shows that when
plotted on linear scales the survival curve for cells
irradiated in tissue culture is often sigmoid: there
is a shoulder followed by a curve that asymptoti-
cally approaches zero survival. To indicate the sen-
sitivity of the cells to radiation we could just read
off the dose that kills say 50 per cent of the cells.
This is sometimes called the ED50 (i.e. effect dose
50 per cent). Sometimes ED90 is used. In doing
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Figure 4.3 A typical cell survival curve for cells irradiated in tissue culture, plotted (a) on a linear survival scale. 
(b) The same data plotted on a logarithmic scale.
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Answers	
	
1.	The	radiolysis	of	water	is	the	process	by	which	water	molecules	are	broken	into	ions	by	
the	action	of	ionizing	particles.	The	resulting	ions	can	combine	with	neighboring	water	
molecules	or	other	ions	to	form	several	types	of	radiochemical	species.	
	
2.	5.19·107	H3O+	ions;	1.18·107	OH-	ions.	
	
3.	We	can	approximate	human	cells	as	spheres	with	radius	~	10	µm.	Then,	their	volume	is	
about	4	x	103	µm3	=			4	x	10-15	m3.	This	means	that	in	1	cm3	=	10-6	m3,	we	can	fit	about	
2.5	x	108		cells.	
	
4.	The	parenchima	is	that	part	of	tissue	that	performs	the	function	of	the	tissue	or	organ.	
The	stroma	is	that	part	of	tissue	or	organ	that	has	connective	and	structural	role	(like	
connective	tissue,	blood	vessels,	nerves,	etc.).	Finally,	the	epithelium	is	a	tissue	that	lines	
cavities	and	surfaces	of	blood	vessels	and	organs.		
	
5.	The	LD50	radiation	dose	for	a	human	is	about	5	Gy.	The	LD50	radiation	dose	for	D.	
radiodurans	is	about	5000	Gy.	
	
6.	Stem	cells	are	undifferentiated	cells	that	can	differentiate	into	specialized	cells	and	can	
divide	(through	mitosis)	to	produce	more	stem	cells.	In	mammals,	there	are	two	broad	
types	of	stem	cells:	embryonic	stem	cells,	and	adult	stem	cells,	which	are	found	in	various	
tissues.	
	
7.	The	introns	are	the	noncoding	sections	of	DNA.	The	exons	are	the	coding	sections	of	
DNA.	
	
8.	Superoxide	dismutase	is	an	enzyme	that	converts	the	superoxide	anion	(O2-)	into	either	
ordinary	molecular	oxygen	or	hydrogen	peroxide	(H2O2).	This	is	an	important	defense	
mechanism	against	DNA	damage,	because	O2-	is	an	extremely	aggressive	ROS.		
	
9.	Necrosis	occurs	when	a	cell	stops	functioning.	Clonogenic	death	occurs	when	a	cell	is	
unable	to	form	clones,	i.e.,	to	proliferate.			
	
10.	Radiation	kills	cells	more	effectively	when	oxygen	is	copious:	this	is	the	Oxygen	Effect.	
A	hypoxic	tumor	microenvironment	means	that	radiation	is	less	effective	in	killing	tumor	
cells	because	of	the	greatly	reduced	Oxygen	Effect.	
	
11.	The	linear-quadratic	model	is	valid	for	an	absorbed	dose	lower	than	about	6	Gy.		
Even	though	fractionated	therapy	may	lead	to	exposures	of	more	than	100	Gy,	the	linear-
quadratic	model	is	applicable	because	the	total	radiation	in	each	fraction	is	less	than	the	6	
Gy	limit	for	the	validity	of	the	model.		
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12.	In	the	Poisson	model,	a	cell	dies	if	a	single	sensitive	target	is	hit;	in	this	model,	the	
probability	of	NOT	being	hit	is	𝑆(𝐷) = 𝑒.///1 .	In	the	multitarget	model	we	assume	that	a	
cell	dies	only	when	multiple	targets	are	all	hit.	So,	if	the	Poisson	probability	of	not	hitting	a	
given	target	is	𝑒.///1 ,	then	the	probability	of	hitting	the	same	target	at	least	once	is	1 −
𝑒.///1 ,	and	therefore	the	probability	of	hitting	all	of	the	n	targets	at	least	once	is		
(1 − 𝑒.///1)4,	and	finally,	the	probability	of	NOT	hitting	all	of	them	at	least	once	is		
	

𝑆(𝐷) 	= 	1 − (1 − 𝑒.///1)4	
	
13.	The	figure	shows	the	OER	for	different	particles	and	different	values	of	LET.	The	
oxygen	effect	is	quite	apparent	for	low	LET	(panel	c).	At	higher	LET	(panel	b)	the	effect	is	
much	less	apparent,	and	at	higher	still	LET	(panel	a)	it	disappears	completely.		
	
14.	The	TCP	is	the	probability	of	killing	all	the	cells	in	a	tumor.	If	the	tumor	has	N	cells	then	
the	average	number	of	surviving	cells	is	𝑁𝑆(𝐷),	and	the	probability	that	no	cell	survives	is	
𝑒.67(/).	When	we	use	the	multitarget	model,	we	find	
	

𝑇𝐶𝑃 = 𝑒.67(/) = 𝑒.6(;.(;.<=>/>1)?)	
	
	
15.	The	surviving	fraction	in	the	LQ	model	is	described	by	the	expression		
	

𝑆(𝐷) = 𝑒.(@/AB/C)	
	
In	the	present	case	𝛼𝐷 = 0.72;	𝛽𝐷F = 0.24,	and	therefore	ln 𝑆(2	Gy) = −0.96 = −F	MN

/1
.	

Thus,	𝐷O ≈ 2.08	Gy.	
	
16.	The	survival	probability	with	n	doses	D	is	[𝑆(𝐷)]4,	and	the	corresponding	biological	
effect	is	

	
	
The	biologically	effective	dose	is	defined	as	follows	
	

	
	
After	a	”kickoff	time”	Tk,	tumor	cells	start	proliferating	again,	therefore	the	tumor	
population	after	treatment	changes	by	the	total	factor	
	

	

E = � ln[S(D)]n = �n lnS(D)
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where	Tp	is	the	tumor	cells’	duplication	time.	Taking	logarithms,	one	finds	
	

	
	
and	finally		
	

	
	
17.	When	DNA	is	damaged	a	proliferating	cell	stops	at	checkpoints	to	repair	DNA	and	the	
cell	cycle	restarts	only	when	the	repair	is	complete.	By	abrogating	checkpoints	in	
combination	with	DNA-damaging	agents,	it	is	thus	possible	to	kill	proliferating	cells.		
	
18.	The	curves	represent	the	same	data,	but	the	curve	on	the	right	has	a	logarithmic	
vertical	scale.	
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