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professionals,	and	not	the	publisher,	are	solely	responsible	for	the	use	of	this	w ork	including	all	m edical
judgm ents	and	for	any	resulting	diagnosis	and	treatm ents.

G iven	continuous,	rapid	advances	in	m edical	science	and	health	inform ation,	independent	professional
verification	of	m edical	diagnoses,	indications,	appropriate	pharm aceutical	selections	and	dosages,	and
treatm ent	options	should	be	m ade	and	healthcare	professionals	should	consult	a	variety	of	sources.	W hen
prescribing	m edication,	healthcare	professionals	are	advised	to	consult	the	product	inform ation	sheet	(the
m anufacturer’s	package	insert)	accom panying	each	drug	to	verify,	am ong	other	things,	conditions	of	use,
w arnings	and	side	effects	and	identify	any	changes	in	dosage	schedule	or	contraindications,	particularly	if
the	m edication	to	be	adm inistered	is	new ,	infrequently	used	or	has	a	narrow 	therapeutic	range.	To	the
m axim um 	extent	perm itted	under	applicable	law ,	no	responsibility	is	assum ed	by	the	publisher	for	any
injury	and/or	dam age	to	persons	or	property,	as	a	m atter	of	products	liability,	negligence	law 	or	otherw ise,
or	from 	any	reference	to	or	use	by	any	person	of	this	w ork.
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concerning	cancer.	A s	it	concerns	the	technology	of	this	specialty,	w hen	the	first
edition	of	this	book	w as	published,	som e	radiation	oncology	residents	w ere
training,	 in	 part,	 on	 orthovoltage	 units;	 cobalt-60	 m achines	 rem ained	 in
w idespread	use;	sim ulation	using	diagnostic	radiographs	still	vied	w ith	clinical
setups	of	treatm ent	fields	using	surface	anatom y;	and	m any	radiation	oncologists
carried	slide	rules,	protractors,	right	angle	drafting	triangles,	and	rulers	to
calculate	and	m ap	radiation	dose	distributions.	N ow ,	elaborate	linear	accelerators
w ith	m ultileaf	collim ators,	particle	m achines,	intensity-m odulated	and/or	im age-
guided	radiation	therapy,	com plex	brachytherapy	devices,	dose	painting,	im age
fusion,	m etabolic	im aging,	and	increasingly	pow erful	com puters	that	support	the
preceding	list	of	technologies	have	becom e	the	norm 	in	the	developed	w orld.
(A nd,	unfortunately,	the	paucity	of	even	the	m ost	m inim al	radiation	therapy
services	rem ains	the	norm 	in	m any	parts	of	the	econom ically	less-developed
w orld,	and	econom ic	and	racial	disparities	persist	in	cancer	care	and	outcom es	in
the	econom ically	developed	w orld… .)	In	som e	diseases,	the	diagnostic	and
staging	w orkup	has	changed	profoundly	in	the	past	quarter	of	a	century— for
exam ple,	the	role	of	staging	laparotom y	in	H odgkin	disease.	In	other	diseases,
the	role	of	radiotherapy	in	treatm ent	has	shifted	dram atically,	as	dem onstrated	by
the	decline	in	 the	role	 or	frequency	 of	use	of	 radiation	 therapy	in	 the
m anagem ent	of	retinoblastom a	and	W ilm s	tum or,	follow ing	balloon	angioplasty
and	stenting	for	coronary	artery	disease,	or	for	A ID S-associated	m alignancies,
and	the	change	in	the	use	of	radiation	therapy	for	breast	and	prostate	cancer.

The	editors	have	striven	to	be	cognizant	of	change	by	constantly	adding	and
pruning	chapters	to	docum ent	the	current	state	of	know ledge	of	cancer	biology,
m edical	radiation	physics,	dosim etry,	cancer	epidem iology,	clinical	radiation
oncology,	and	radiation	oncology	econom ics,	education,	ethics,	and	policy.
Particular	attention	in	the	fifth	through	seventh	editions	has	been	devoted	to	an
attractive	and	useable	design	of	the	printed	version	of	this	book	and	the	new
electronic	versions.	W e	have	taken	care	to	have	this	book	evolve	w ith	the	tim es,
and	w e	have	sim ultaneously	striven	to	be	true	to	the	core	m ission	of	being	“the
book	of	record”	for	clinical	care,	providing	the	data	that	justify	treatm ent
recom m endations	as	w ell	as	com prehensive	illustrations	and	references	in
radiation	oncology.	W e	take	this	responsibility	very	seriously.

W e	have	been	gratified	by	the	public	reception	of	this	book.	Sales	of	the	fifth
edition	rose	dram atically	com pared	to	the	fourth	edition— an	atypical	pattern	in
the	m edical	book	business.	It	is,	w e	like	to	believe,	evidence	that	the	pact
w ordlessly	exchanged	betw een	the	editors,	the	chapter	authors,	and	our	readers







































“The	eighth	of	N ovem ber.”

“A nd	w hat	w as	the	discovery?”

“I	w as	w orking	w ith	a	C rookes’	tube	covered	w ith	a	shield	of	black
cardboard.	A 	piece	of	barium 	platinocyanoide	paper	lay	on	the	bench	there.
I	had	been	passing	a	current	through	the	tube	and	I	noticed	a	peculiar	black
line	across	the	paper.”

“W hat	of	that?”

“The	effect	w as	one	w hich	could	only	be	produced,	in	ordinary	parlance,	by
the	passage	of	light.	N o	light	could	com e	from 	the	tube,	because	the	shield
w hich	covered	it	w as	im pervious	to	any	light	know n,	even	that	of	the
electric	arc.”

“A nd	w hat	did	you	think?”

“I	did	not	think;	I	investigated.	I	assum ed	that	the	effect	m ust	have	com e
from 	the	tube,	since	its	character	indicated	that	it	could	com e	from 	now here
else.	I	tested	it.	In	a	few 	m inutes	there	w as	no	doubt	about	it.	R ays	w ere
com ing	from 	the	tube	w hich	had	a	lum inescent	effect	on	the	paper.	I	tried	it
successfully	at	greater	and	greater	distances,	even	at	tw o	m etres.	It	seem ed
at	first	a	new 	kind	of	invisible	light.	It	w as	clearly	som ething	new ,
som ething	unrecorded.”

“Is	it	light?”

“N o.”

“Is	it	electricity?”

“N ot	in	any	know n	form .”

“W hat	is	it?”

“I	don’t	know .	H aving	discovered	the	existence	of	a	new 	kind	of	rays,	I	of
course	began	to	investigate	w hat	they	w ould	do.	It	soon	appeared	from 	the
tests	that	the	rays	had	penetrative	pow er	to	a	degree	hitherto	unknow n.



They	penetrated	paper,	w ood	and	cloth	w ith	ease,	and	the	thickness	of	the
substance	m ade	no	perceptible	difference	w ithin	reasonable	lim its.	The	rays
passed	through	all	the	m etals	tested	w ith	the	facility	varying,	roughly
speaking,	w ith	the	density	of	the	m etal.	These	phenom ena	I	have	discussed
carefully	in	m y	report	to	the	W ürzburg	Society	and	you	w ill	find	all	the
technical	results	therein	stated.	Since	the	rays	had	this	great	penetrative
pow er,	it	seem ed	natural	that	they	should	penetrate	flesh,	and	so	it	proved	in
photographing	the	hand	I	show ed	you.”

A 	 detailed	 discussion	 of	 the	 characteristics	 of	 his	 rays	 the	 professor
considered	 unprofitable	 and	 unnecessary.	 H e	 believes,	 though,	 that	 these
m ysterious	radiations	are	not	light,	because	their	behavior	is	essentially	different
from 	that	of	light	w ays,	even	those	light	rays	that	are	them selves	invisible.	The
R öntgen	rays	cannot	be	reflected	by	reflecting	surfaces,	concentrated	by	lenses,
or	refracted	or	diffracted.	They	produce	photographic	action	on	a	sensitive	film ,
but	their	action	is	w eak	as	yet,	and	herein	lies	the	first	im portant	field	of	their
developm ent.	The	professor’s	exposures	w ere	com paratively	long— an	average
of	15	m inutes	in	easily	penetrable	m edia,	and	half	an	hour	or	m ore	in
photographing	the	bones	of	the	hand.	C oncerning	vacuum 	tubes,	he	said	that	he
preferred	the	H ittorf,	because	it	had	the	m ost	perfect	vacuum ,	the	highest	degree
of	air	exhaustion	being	the	consum m ation	m ost	desirable.	In	answ er	to	the
question,	“W hat	of	the	future?”	he	said:

“I	am 	not	a	prophet,	and	I	am 	opposed	to	prophesying.	I	am 	pursuing	m y
investigations,	and	as	fast	as	m y	results	are	verified	I	shall	m ake	them
public.”

“D o	you	think	the	rays	can	be	so	m odified	as	to	photograph	the	organs	of
the	hum an	body?”

In	answ er	he	took	up	the	photograph	of	the	box	of	w eights.	“H ere	are
already	m odifications,”	he	said,	indicating	the	various	degrees	of	shadow
produced	by	the	alum inum ,	platinum ,	and	brass	w eights,	the	brass	hinges,
and	even	the	m etallic	stam ped	lettering	on	the	cover	of	the	box,	w hich	w as
faintly	perceptible.

“B ut,	Professor	N eusser	has	already	announced	that	the	photographing	of
the	various	organs	is	possible.”



“W e	shall	see	w hat	w e	shall	see,”	he	said;	“w e	have	the	start	now ;	the
developm ents	w ill	follow 	in	tim e.”

“You	know 	the	apparatus	for	introducing	the	electric	light	into	the	stom ach?

“Yes.”

“D o	you	think	that	this	electric	light	w ill	becom e	a	vacuum 	tube	for
photographing,	from 	the	stom ach,	any	part	of	the	abdom en	or	thorax?”

The	idea	of	sw allow ing	a	C rookes	tube,	and	sending	a	high	frequency
current	dow n	into	one’s	stom ach,	seem ed	to	him 	exceedingly	funny.	“W hen
I	have	done	it,	I	w ill	tell	you,”	he	said,	sm iling,	resolute	in	abiding	by
results.

“There	is	m uch	to	do,	and	I	am 	busy,	very	busy,”	he	said	in	conclusion.	H e
extended	his	hand	in	farew ell,	his	eye	already	w andering	tow ard	his	w ork
in	the	inside	room .	A nd	his	visitor	prom ptly	left	him ;	the	w ords,	“I	am
busy,”	said	in	all	sincerity,	seem ing	to	describe	in	a	single	phrase	the
essence	of	his	character	and	the	w atchw ord	of	a	very	unusual	m an.6









hand,	it	erupted	in	thunderous	applause.	This	w as	one	of	R öntgen’s	last	form al
lectures	on	x-rays.	H e	becam e	flustered	before	large	groups	and,	w hen	lecturing
to	sm all	groups	of	students,	w as	generally	regarded	as	lusterless	and	dull.

R öntgen	received	the	N obel	Prize	in	Physics	in	1901	from 	the	Sw edish	king.
H e	thanked	him 	but	gave	no	speech.	H e	w illed	the	prize	m oney	to	the	U niversity
of	W ürzburg.1	In	the	presentation	speech,	the	president	of	the	R oyal	Sw edish
A cadem y	of	Sciences,	C .	T.	O dhner,	com m ented	on	the	enorm ous	potential	of
R öntgen’s	discovery	for	diagnosis	and	therapy:

The	A cadem y	aw arded	the	N obel	Prize	in	Physics	to	W ilhelm 	C onrad
R öntgen,	Professor	in	the	U niversity	of	W urzburg,	for	the	discovery	w ith
w hich	his	nam e	is	linked	for	all	tim e:	the	discovery	of	the	so-called
R öntgen	rays,	or,	as	he	him self	called	them ,	x-rays.	These	are,	as	w e	know ,
a	new 	form 	of	energy	and	have	received	the	nam e	“rays”	on	account	of
their	property	of	propagating	them selves	in	straight	lines	as	light	does.	The
actual	constitution	of	this	radiation	of	energy	is	still	unknow n.	Several	of	its
characteristic	properties,	how ever,	have	been	discovered	first	by	R öntgen
him self	and	then	by	other	physicists	w ho	have	directed	their	research	into
this	field.	A nd	there	is	no	doubt	that	m uch	success	w ill	be	gained	in
physical	science	w hen	this	strange	energy	form 	is	sufficiently	investigated
and	its	w ide	field	has	been	thoroughly	explored.	Let	us	rem ind	ourselves	of
one	of	the	properties	that	has	been	found	in	R öntgen	rays— the	basis	of	the
extensive	use	of	x-rays	in	m edical	practice.	M any	bodies,	just	as	they	allow
light	to	pass	through	them 	in	varying	degrees,	behave	likew ise	w ith	x-rays
but	w ith	the	difference	that	som e	that	are	totally	im penetrable	to	light	can
be	penetrated	easily	by	x-rays,	w hereas	other	bodies	stop	them .	Thus,	for
exam ple,	m etals	are	im penetrable	to	them ;	w ood,	leather,	cardboard,	and
other	m aterials	are	penetrable	as	are	the	m uscular	tissues	of	anim al
organism s.	N ow ,	w hen	a	foreign	body	im penetrable	to	x-rays	(e.g.,	a	bullet
or	a	needle)	has	entered	these	tissues,	its	location	can	be	determ ined	by
illum inating	the	appropriate	part	of	the	body	w ith	x-rays	and	taking	a
shadow graph	of	it	on	a	photographic	plate,	w hereupon	the	im penetrable
body	is	detected	im m ediately.	The	im portance	of	this	for	practical	surgery
and	how 	m any	operations	have	been	m ade	possible	and	facilitated	by	it	is
w ell	know n	to	all.	If	w e	add	that	in	m any	cases	severe	skin	diseases	(e.g.,
lupus)	have	been	treated	successfully	w ith	R öntgen	rays,	w e	can	say	at	once
that	R öntgen’s	discovery	already	has	brought	so	m uch	benefit	to	m ankind
that	to	rew ard	it	w ith	the	N obel	Prize	fulfills	the	intention	of	the	testator	to



a	very	high	degree.7	(Figs.	1.4	and	1.5).

Antoine	Henri	Becquerel	(1852–1908)
A ntoine	H enri	B ecquerel	w as	born	in	Paris	in	1852	into	a	fam ily	of	scientists.
H is	father	w as	a	professor	of	applied	physics	w ho	had	conducted	research	on
solar	radiation	and	phosphorescence.	H is	grandfather	w as	the	inventor	of	an
electrolytic	m ethod	of	extracting	m etals	from 	ores.

B ecquerel’s	early	scientific	w ork	concerned	the	plane	polarization	of	light,
phosphorescence,	terrestrial	m agnetism ,	and	the	absorption	of	light	by	crystals.
B ecquerel	first	heard	of	R öntgen’s	discovery	in	January	1896	at	a	m eeting	of	the
French	A cadem y	of	Science.	H e	w ondered	if	there	w as	a	connection	betw een
phosphorescence	and	x-rays.	H e	had	inherited,	from 	his	father,	a	supply	of
uranium 	salts,	w hich	phosphoresced	upon	exposure	to	light.











R em em bering	that	Ernest	R utherford	had	predicted	the	probable	existence	of	a
nuclear	chargeless	particle,	C hadw ick	correctly	deduced	that	the	secondary
radiations	w ere	this	chargeless	particle,	the	neutron.	Frederic	Joliot-C urie
adm itted	that	he	had	not	read	R utherford’s	B akerian	Lecture	w here	he	had
predicted	the	existence	of	this	particle	and	said	the	credit	for	the	discovery	ought
go	to	C hadw ick.

In	1934,	Irene	and	Frederic	Joliot-C urie,	by	bom barding	alum inum 	targets
w ith	alpha	particles,	transform ed	a	naturally	stable	elem ent	into	radioactive
phosphorus.	A dditional	radioactive	isotopes	w ere	produced	by	the	irradiation	of
fluorine,	sodium ,	and	other	m etals.	The	induction	of	“artificial	radioactivity”
created	the	field	of	nuclear	m edicine— but	Frederic	alw ays	insisted	that	so-called
artificial	radioactivity	w as	identical	w ith	natural	radioactivity.	In	1935,	they
learned	that	they	had	been	aw arded	the	N obel	Prize	in	Physics	for	their	w ork.
H usband	and	w ife	divided	the	N obel	Lecture	betw een	them 	Frederic	predicted
that	researchers	w ould	find	w ays	of	exploiting	progressive	transm utations	of
elem ents	by	irradiation	such	that	“veritable	chem ical	chain	reactions”	w ould	be
produced— intim ating	 the	 creation	 of	 self-sustaining	 nuclear	 fission	 chain
reactions.	In	1936,	Irene	Joliot-C urie	w as	appointed	by	the	Socialist	President	of
France	Léon	B lum 	as	undersecretary	of	state	for	scientific	research.12–14

Frederic	Joliot	realized	the	possibility	of	atom ic	release	of	large	am ounts	of
energy	and	the	potential	of	this	for	w arfare.	H e	pursued	experim ents	designed	to
establish	that	a	sustained	chain	reaction	could	be	produced	through	nuclear
fission	leading	to	the	production	of	vast	am ounts	of	energy.

Joliot	m ay	w ell	have	been	the	first	to	achieve	a	sustained	nuclear	chain
reaction	had	not	the	G erm an	invasion	of	France	and	the	capture	of	Paris
intervened.	Frederic	Joliot-C urie	and	his	scientific	collaborators	spirited	their
stock	of	heavy	w ater	and	uranium 	out	of	France	just	ahead	of	the	G erm ans.	The
Joliot-C uries	hid	their	scientific	papers	on	nuclear	fission	in	a	vault.	Frederic
joined	the	French	R esistance,	w hereas	Irene,	her	health	in	decline,	m oved	to	the
French	A lps	w ith	the	couple’s	daughter.	Eventually,	m other	and	daughter	crossed
over	to	Sw itzerland	in	1944.	O ne	w onders	w hat	w ould	have	been	different	in	the
history	of	science	if	the	couple	had	taken	the	opportunity	to	escape	to	England	in
1940	and	continue	their	w ork.	They	w ould,	perhaps,	have	played	an	even	greater
role	in	the	developm ent	of	atom ic	energy.13

The	w ork	of	Joliot-C urie	w as	invoked	in	the	fam ous	letter	A lbert	Einstein
signed	sent	to	President	Franklin	D .	R oosevelt	on	A ugust	2,	1939.	The	letter,
w ritten	by	the	H ungarian	A m erican	physicist	Leo	Szilard,	w as	designed	to	spur



A m erican	action	to	assure	that	the	U nited	States	w ould	acquire	nuclear	w eapons
before	N azi	G erm any.

Einstein	w rote:

Som e	 recent	 w ork	 by	 E.	 Ferm i	 and	 L.	 Szilard,	 w hich	 has	 been
com m unicated	to	m e	in	m anuscript,	leads	m e	to	expect	that	the	elem ent
uranium 	m ay	be	turned	into	a	new 	and	im portant	source	of	energy	in	the
im m ediate	future.	C ertain	aspects	of	the	situation	w hich	has	arisen	seem 	to
call	for	w atchfulness	and	if	necessary,	quick	action	on	the	part	of	the
A dm inistration.	I	believe	therefore	that	it	is	m y	duty	to	bring	to	your
attention	the	follow ing	facts	and	recom m endations.

In	the	course	of	the	last	four	m onths	it	has	been	m ade	probable	through	the
w ork	of	Joliot	in	France	as	w ell	as	Ferm i	and	Szilard	in	A m erica— that	it
m ay	be	possible	to	set	up	a	nuclear	chain	reaction	in	a	large	m ass	of
uranium ,	by	w hich	vast	am ounts	of	pow er	and	large	quantities	of	new
radium -like	elem ents	w ould	be	generated.	N ow 	it	appears	alm ost	certain
that	this	could	be	achieved	in	the	im m ediate	future.

This	new 	phenom enon	w ould	also	lead	to	the	construction	of	bom bs,	and	it
is	conceivable— though	m uch	less	certain— that	extrem ely	pow erful	bom bs
of	this	type	m ay	thus	be	constructed.	A 	single	bom b	of	this	type,	carried	by
boat	and	exploded	in	a	port,	m ight	very	w ell	destroy	the	w hole	port	together
w ith	som e	of	the	surrounding	territory.

In	view 	of	this	situation	you	m ay	think	it	desirable	to	have	som e	perm anent
contact	m aintained	betw een	the	A dm inistration	and	the	group	of	physicists
w orking	on	chain	reactions	in	A m erica.

I	understand	that	G erm any	has	actually	stopped	the	sale	of	uranium 	from
the	C zechoslovakian	m ines	w hich	she	has	taken	over.	That	she	should	have
taken	such	early	action	m ight	perhaps	be	understood	on	the	ground	that	the
son	of	the	G erm an	U nder-Secretary	of	State,	von	W eizsacker,	is	attached	to
the	K aiser-W ilhelm 	Institute	in	B erlin,	w here	som e	of	the	A m erican	w ork
on	uranium 	is	now 	being	repeated.13

A fter	the	w ar,	France	created	a	civilian	atom ic	energy	authority.	Frederic	w as
appointed	head	of	the	C om m isariate	de	l”Energie	A tom ique	(C EA ),	the	French













general	recognition	of	the	prelim inary	stages	of	the	disease,	early	diagnosis,
and	treatm ent	of	the	established	disease.	From 	the	consideration	of	these
various	functions	of	the	m odern	cancer	research	hospital,	I	think	that	it
m ust	be	evident	that	such	an	institution	not	only	can	justify	its	existence,
but	fill	a	very	urgent	need	w ithout	w hich	progress	of	cancer	research	w ould
be	handicapped	and	m uch	relief	that	m ight	early	be	extended	to	cancer
victim s	w ould	be	unavailable.	N or	is	there	any	doubt	that	the	function	of
supporting	such	an	institution	is	properly	exercised	by	the	State,	w hich
support	should	be	continuous	and	liberal.25

A t	the	age	of	76,	Ew ing	fractured	his	right	fem ur.	The	fracture	site	show ed
m etastatic	bladder	carcinom a.	H e	died	of	bladder	cancer	in	1943.

M .	Vera	Peters	(1911–1993)
M ildred	Vera	Peters	(know n	throughout	her	career	as	Vera)	w as	born	and	raised
on	a	farm 	in	O ntario,	C anada,	and	received	her	elem entary	education	in	a	one-
room 	schoolhouse.	A fter	high	school,	she	enrolled	in	the	Faculty	of	M edicine	of
the	U niversity	of	Toronto	and	graduated	in	the	class	of	1934.	D uring	m edical
school,	she	m et	her	future	husband.	Peters’	m other	had	been	treated	at	the
R adiotherapy	Institute	of	the	Toronto	G eneral	H ospital	by	D r.	G ordon	R ichards
but	died	w hile	her	daughter	w as	still	in	m edical	school.

D r.	Peters,	after	a	one-year	internship	at	St.	John’s	H ospital,	a	w om en’s
surgical	hospital	in	Toronto,	joined	R ichards	as	a	trainee— although	there	w as	no
form al	residency	program 	in	radiotherapy.	A 	400-kV 	treatm ent	unit	w as	installed
at	Toronto	G eneral	H ospital	in	1937,	the	sam e	year	D r.	Peters	w as	appointed	to
the	hospital’s	full-tim e	staff	as	junior	assistant	radiotherapist.	She	becam e	one	of
the	first	fem ale	physicians	to	have	a	clinical	appointm ent	at	a	Toronto	teaching
hospital.

Peters	 can	 be	 justly	 credited	 for	 tw o	 m ajor	 contributions	 to	 m odern
radiotherapy.	W e	w ill	consider,	first,	her	role	in	the	developm ent	of	curative
treatm ent	for	H odgkin	disease.	In	1947,	R ichards	stopped	Peters	in	the	hallw ay
at	the	Toronto	R adiotherapy	Institute	and	in	his	characteristically	form al	w ay
said,	“D r.	Peters,	how 	w ould	you	like	to	review 	out	experience	w ith	H odgkin’s
disease?	A ll	the	textbooks	say	it	is	a	fatal	disease,	but	w e	seem 	to	be	seeing
patients	w ho	are	cured.”	In	response,	Peters	carefully	review ed	the	Toronto
clinical	experience,	w orking	at	night	at	hom e	on	records	and	files	at	her	kitchen
table	w hile	balancing	her	career,	her	m arriage,	and	the	care	of	her	children26.





predicted	the	existence	of	the	neutron	and	his	student	discovered	it.	In	the	w ords
of	one	of	his	biographers,	the	radiation	oncologist	Juan	A .	del	R egato,	“H e
becam e	the	outstanding	atom ic	physicist	of	his	tim e:	am id	a	constellation	of
brilliant	protagonists,	he	w as	second	to	none;	in	an	era	of	rapidly	developing,
new 	revolutionary	concepts,	his	ow n	prevailed.”28

B orn	in	N ew 	Zealand,	Ernest	R utherford	received	his	B A 	and	M S	degrees	at
C anterbury	C ollege,	C hristchurch,	N ew 	Zealand,	received	a	scholarship	to
continue	his	studies	at	C am bridge	U niversity	in	England,	and	began	w ork	in	the
C avendish	Laboratories	under	the	supervision	of	Professor	Sir	J.	J.	Thom son
(1856–1940),	discoverer	of	the	electron	and	recipient	of	the	1906	N obel	Prize	in
Physics	for	his	w ork	on	the	conduction	of	electricity	in	gases.	W ithin	a	few
w eeks	of	R utherford’s	arrival	in	England,	R öntgen’s	discovery	of	the	x-ray
becam e	know n.	Thom son	and	R utherford	soon	dem onstrated	the	ability	of	x-
rays	to	produce	ionization	in	gases.

In	1898,	R utherford	accepted	the	professorship	of	physics	at	M ontreal’s
M cG ill	U niversity.	It	w as	at	M cG ill	that	he	identified	and	nam ed	alpha-	and
beta-radiation	 and	 also	 described	 the	 concept	 of	 radioactive	 half-life.	 In
collaboration	w ith	the	chem ist	Frederick	Soddy	(1877–1956),	he	developed	a
disintegration	theory	of	radioactivity	in	w hich	chem ically	different	elem ents
undergo	a	series	of	changes	w ith	decreasing	radioactivity	at	each	step.	M ost
radioactive	elem ents,	they	concluded,	are	the	product	of	this	successive	decay28.

In	his	1904	B akerian	Lecture,	he	laid	out	a	broad	and	prescient	view 	of
radioactivity.	In	1907,	R utherford	becam e	professor	of	physics	at	V ictorian
U niversity	of	M anchester,	England.	H e	dem onstrated	that	alpha	particles	w ere
helium 	atom s.	The	next	year,	he	w as	aw arded	the	N obel	Prize	in	C hem istry	for
“investigations	 into	 the	 disintegration	 of	 elem ents	 and	 the	 chem istry	 of
radioactive	substances.”

R utherford	 collaborated	 w ith	 H ans	 W ilhelm 	 G eiger	 (1882–1945)	 and
invented	w hat	is	generally	called	the	G eiger	counter	or	scintillation	counter	to
identify	radioactivity.	W orking	in	R utherford’s	laboratory,	G eiger	and	Sir	Ernest
M arsden	(1889–1970)	observed	that	alpha	particles	that	w ere	stream ed	into	a
thin	m etal	foil	w ere	som etim es	scattered	at	very	w ide	angles.	R utherford
reasoned	that	this	w as	the	result	of	the	alpha	particles	encountering	an	atom ic
particle	of	large	size.	The	atom ,	he	concluded,	had	a	central,	large,	positively
charged	portion	surrounded	by	negatively	charged	electrons.

A fter	W orld	W ar	I	ended,	R utherford	returned	to	C am bridge	U niversity	to
succeed	Thom son	as	professor	and	director	of	the	C avendish	Laboratory.





prevent	their	spread	and	developm ent,	and	to	produce	retrograde	changes
that	result	in	fatty	and	cystic	degeneration	or	absorption,	and	often
term inate	in	a	restoration	of	the	affected	part	to	a	nearly	norm al	state… .
The	R öntgen	treatm ent	applied	as	a	palliative	in	m any	hopeless,	operatively
im possible	cases,	has	resulted	frequently	in	cures	that,	if	not	perm anent,
have	at	least	restored	the	patient	to	health	and	given	m onths	and	even	years
of	 usefulness… .	 The	 results	 so	 far	 obtained	 are,	 therefore,	 very
encouraging.	A n	agent	has	been	found	w hich	has	a	greater	influence	in
retarding	the	grow th	of	m alignant	tum ors	than	any	heretofore	know n.	M any
rem arkable	and	apparently	perm anent	cures	have	been	obtained.29

A lthough	it	is	controversial,	m ost	likely	Leopold	Freund	w as	the	first	to
report,	in	1897,	the	use	of	ionizing	radiation	to	“cure”	a	large	nevus	pigm entosus
on	the	back	of	a	young	girl.	U nfortunately,	she	later	developed	skin	ulceration
and	scars.30	A nother	pioneer	in	the	therapeutic	use	of	x-rays	w as	V ictor
D espeignes	w ho,	in	1896,	published	on	the	treatm ent	of	a	52-year-old	m an	w ho
had	an	advanced	stom ach	tum or	(likely	a	lym phom a),	w ith	“considerable
im provem ent	in	the	condition	of	the	patient.”31

A t	the	International	C ongress	of	O ncology	in	Paris	in	1922,	C outard32	and
H autant	presented	evidence	that	advanced	laryngeal	cancer	could	be	cured
w ithout	 disastrous,	 treatm ent-induced	 sequelae.	 B y	 1934,	 C outard33	 had
developed	a	protracted,	fractionated	schem e	that	rem ains	the	basis	for	current
radiation	therapy,	and,	in	1933,	Paterson34	published	results	on	the	classification
of	tum ors	in	relation	to	radiosensitivity.

The	use	of	brachytherapy,	starting	w ith	radium 	226	(226R a)	needles	and	tubes,
is	useful	in	the	treatm ent	of	m alignant	tum ors	in	m any	anatom ic	locations.
Isotopes	such	as	cesium ,	iridium 	192	(192Ir),	iodine	125	(125I),	and	palladium
103	(103Pd)	w ere	generated	from 	nuclear	reactors,	and	the	use	of	afterloading
techniques,	including	rem ote	afterloading	devices	and	high–dose	rate	(H D R )
brachytherapy,	has	contributed	to	this	im portant	treatm ent	m odality.	W ith	tim e,
ionizing	radiation	becam e	m ore	precise;	high-energy	photons,	electrons,	protons,
neutrons,	 and	 carbon	 ions	 becam e	 available	 for	 treatm ent;	 and	 treatm ent
planning	and	delivery	becam e	m ore	accurate	and	reproducible.	A dvances	in
com puter	 and	 electronic	 technology	 fostered	 the	 developm ent	 of	 m ore
sophisticated	 treatm ent	 planning	 and	 delivery	 techniques,	 leading	 to	 the
developm ent	 and	 eventually	 broad	 im plem entation	 of	 three-dim ensional
conform al	radiation	therapy	(3D C RT)	and	intensity-m odulated	radiation	therapy





























M echanical	im m obilization	of	the	aw ake	radiotherapy	patient	is	an	adjunct	to
patient	education	and	psychological	preparation	of	the	patient.	A lthough	not	a
substitute	for	education	and	psychological	preparation,	m echanical	aids	can
greatly	facilitate	accurate	treatm ent.	The	ideal	m echanical	aid	for	patient
positioning	w ill	achieve	the	follow ing	goals45:

1.	The	patient	m ust	be	com fortable	and	secure.	There	m ust	be	no	danger	of
falling.	The	patient	should	not	becom e	claustrophobic.

2.	The	device	m ust	satisfy	the	radiotherapy	treatm ent	plan	regarding	patient
position	for	correct	geographic	irradiation.

3.	The	setup	should	be	quick	and	easy	for	the	radiation	therapist.
4.	The	body	part	treated	should	be	rendered	im m obile.
5.	Position	of	the	body	part	should	be	reproducible	for	daily	treatm ent.
6.	C onstruction	of	the	device	should	be	reasonably	quick.	It	should	not	be

difficult	to	train	therapists,	dosim etrists,	and	physicians	in	the	construction
procedure.

7.	The	 stabilization	 device	 should	 not	 adversely	 affect	 beam 	 buildup	 and
backscatter	characteristics.

8.	This	system 	should	be	econom ical.
9.	If	anesthesia	is	being	used,	the	device	m ust	not	interfere	w ith	the	establishm ent

of	a	secure	airw ay,	intravenous	access,	or	the	use	of	m onitoring	equipm ent.

A 	variety	of	im m obilization	devices	m eet	these	stated	criteria	to	varying
degrees.	There	is	no	perfect	system .	Techniques	w ill	vary	am ong	institutions.	It
is	reasonable	to	expect,	how ever,	that	the	radiation	oncologist	should	be
know ledgeable	in	several	techniques	that	can	be	brought	to	bear	as	the	situation
dem ands.

There	are	a	variety	of	stabilization	devices.	These	include	com m ercially
available	accessories	such	as	plastic	headholders	and	sponges;	bite	blocks;
therm oplastics;	plaster	of	Paris;	vacuum -m olded	therm oplastics;	polyurethane
foam s;	vacuum 	bags;	intrarectal	balloons	to	stabilize	the	prostate	and	rectal	w all
during	prostate	radiotherapy,	respiratory-gated	radiotherapy,	and	therapy	w hile
breath	holding	to	m inim ize	respiratory	excursion;	and	m echanical	devices	to
com pensate	for	patient	m ovem ent	by	com pensatory	couch	m ovem ent,	collim ator
leaf	m ovem ent,	or	robotic	arm s	to	m ove	the	linear	accelerator.

A ccuracy	of	external	beam 	placem ent	w as	typically	assessed	periodically
w ith	portal	(localization)	film s.	It	is	now 	m ore	com m on	to	use	online	im aging
verification	(electronic	portal	im aging)	devices	or	online	C T,	fluoroscopy,	or
ultrasound.46,47	Portal	localization	errors	m ay	be	system atic	or	occur	at	random .













identified	in	the	developm ent	of	the	specialty.	“Som e	people	do	the	sam e	thing
w rong	for	30	years	and	then	call	it	accum ulated	clinical	experience,”	said	one
critic;	or	it	has	been	said,	“If	radiation	oncologists	w ere	put	in	charge	of	the	w ar
against	polio	in	1945,	they	certainly	w ould	have	perfected	the	iron	lung	by
now .”70,71	O ur	grow ing	know ledge	of	the	genom e,	proteom ics,	secondary
m essengers,	and	solid	tum or	biology	and	the	identification	of	new 	m olecular
targets	 for	 drugs,	 im m unotherapies,	 cellular	 therapies,	 angiogenesis,
oxygenation,	and	cell	cycle	control	are	changing	the	present	and	future	of
m edicine.	If	clinical	radiation	oncologists	have	a	future,	these	individuals	say,
then	they	m ust	actively	participate	in	the	investigation	of	the	m olecular	and
cellular	basis	of	cancer	and	in	translational	research.

Physics	Versus	Biology
O ne	also	m ay	form ulate	the	debate	over	the	role	of	basic	biology	in	clinical
radiation	oncology	as	a	pull	and	tug	betw een	physics	and	biology.	M edical
radiation	physics	has	dom inated	the	thinking	of	clinical	radiation	oncologists.
A m ong	the	m ajor	achievem ents	of	this	discipline	are	the	follow ing:

The	identification	and	characterization	of	physical	units	of	radiation	dose
Significant	 changes	 in	 photon	 and	 electron	 radiation	 therapy	 apparatus
(initially,	kilovoltage	and	later	60C o,	high-energy	linear	accelerators,	the
G am m a	K nife	[Elekta	C orp.,	Stockholm ,	Sw eden],	and	the	C yberK nife
[A ccuray,	Sunnyvale,	C A ])
The	developm ent	of	3D 	treatm ent	planning	for	identification	of	tum or	volum e
and	characterization	of	irradiated	norm al	tissue
IM RT	for	im proved	conform ality	of	treatm ent	beam s
Particle	therapy	including	neutrons,	protons,	pions,	and	stripped	nuclei
Im proved	stabilization	devices	to	aid	the	reproducibility	of	treatm ent
A dvances	 in	 brachytherapy	 technology	 including	 new 	 isotopes,	 the
afterloading	technique,	and	rem ote	H D R 	m achines
The	apparatus	for	intraoperative	radiation	therapy	(IO RT)
Equipm ent	for	heat	deposition	in	tum ors	leading	to	the	clinical	applications	of
hypertherm ia

A t	present,	a	considerable	effort	in	clinical	radiation	oncology	is	focused	on
the	tools	and	techniques	provided	to	the	physician	by	the	physicist.	R adiation
oncology	m eetings	are	dom inated	by	discussions	of	proton	therapy,	IM RT,
radiosurgery/conform al	radiation,	and	innovations	in	equipm ent.	Sim ply	put,
these	techniques	all	offer	better	radiation	dose	distributions,	w hich,	one	hopes,



w ill	lead	to	an	increase	in	local	control	of	tum ors	and	a	decrease	in	norm al	tissue
toxicity.	A t	present,	a	better	dose	distribution	is	the	solution	physics	offers	to	the
problem s	of	oxygenation,	m onitoring	of	tum or	blood	flow ,	tum or	pH ,	secondary
m essengers,	tum or	suppressor	genes,	oncogenes,	the	biology	of	m etastasis,
norm al	tissue	radioprotectors,	and	tum or	radiosensitizers.	C ould	it	be	that	“if	all
you	have	is	a	ham m er,	then	everything	looks	like	a	nail”?

W hat	has	cancer	biology	ever	done	for	the	clinical	radiation	oncologist?	It	is,
w e	think,	a	generally	fair	question,	although	it	m ight	be	characterized	as
som ew hat	 narcissistic,	 along	 the	 lines	 of	 “W hat	 have	 you	 done	 for	 m e
lately?”65,70,72–74	A m ong	the	areas	one	should	consider	on	the	list	of	laboratory
contributions	to	the	clinic	are	the	follow ing:

A s	early	as	1906,	B ergonie	and	Tribondeau75	enunciated	a	series	of	fam ous
law s	of	radiosensitivity.	This	w as	follow ed	by	the	w ork	of	the	French
investigators	R egaud	and	Ferroux,76	w ho	dem onstrated	that	w hereas	a	single
dose	of	radiation	to	the	testes	alw ays	produced	m axim al	dam age	to	the	scrotal
skin,	fractionated	exposure	spared	the	skin	but	destroyed	sperm atogenesis.
They	 speculated	 that	 this	 sam e	 technique	 of	 fractionation	 m ight	 be
differentially	 advantageous	 in	 the	 treatm ent	 of	 tum ors.	 This	 led	 to
C outard’s32,33,77	studies	that	culm inated	in	the	fractionated	EB RT	techniques
of	today.
The	identification	of	the	relationship	betw een	radiation	dose	and	cell	kill	led	to
the	characterization	of	the	radiation	cell	survival	curve.	This	contributed	to	our
understanding	of	radiation	therapy	dose	and	fractionation	and,	consequently,
contributed	to	our	know ledge	of	radiation	repair.	This	developm ent	placed	our
grasp	of	radiation	fractionation	on	sound	footing	and	led	to	investigations	of
alternative	fractionation	schem es.	This	has	contributed	to	im proved	tum or
control	as	w ell	as	lim itation	of	norm al	tissue	toxicity.	U ltim ately,	the	radiation
cell	survival	curve	also	provided	the	underpinnings	for	our	view s	of	elem ents
of	the	dose–response	relationship	for	tum or	control	and	norm al	tissue	toxicity.
In	1909,	Schw arz78,79	dem onstrated	that	com pression	of	the	skin	to	dim inish
capillary	blood	flow 	reduces	severity	of	cutaneous	radiation	reactions.	This
m ay	have	been	the	first	dem onstration	of	the	“oxygen	effect.”80	L.	H .	G ray81
pointed	out	the	relevance	of	the	“oxygen	effect”	to	radiation	oncology	by
identifying	the	fact	that	hum an	neoplasm s	contain	a	significant	subpopulation
of	hypoxic	cells.82	A 	series	of	im portant	developm ents	has	driven	hom e	the
centrality	of	hypoxia	to	our	understanding	of	radiation’s	effects	on	tum ors.
C learly,	histopathologic	studies	and	invasive	m easurem ents	of	intratum oral
partial	oxygen	pressure	have	show n	that	m any	hum an	tum ors	contain	regions









secondary	m essengers,	or	nuclear	contents	m ay	overcom e	cellular	radiation
resistance.	B y	exploitation	of	cellular	m echanism s	related	to	apoptosis,	it	m ay	be
possible	to	kill	cells	w ith	irradiation	by	inducing	changes	other	than	unrepaired
D N A 	 dam age.	 W ith	 understanding	 of	 the	 tum or	 m icroenvironm ent	 and
techniques	such	as	com plem entary	D N A 	(cD N A )	m icroarrays,	as	w ell	as	an
understanding	of	how 	grow th	factors	m ay	alter	cellular	processes,	innovative
bioinform atics	and	im proved	com bined	m odality	strategies	m ay	em erge.	The
ability	to	genetically	sequence	tum ors	w ill	provide	inform ation	beyond	the	era
w hen	biologic	effects	w ere	attributed	to	a	single	gene.	B etter	understanding	of
hypoxia	m ay	im prove	clinical	outcom e	w ith	antihypoxia	strategies,	including
hypoxic	cell	radiosensitizers	and	hypoxic	cytotoxic	agents.	C yclins	and	grow th
factors	m ay	be	useful	as	clinical	radiation	m odifiers.	Pharm acogenom ics	m ay
inform 	how 	w e	prescribe	drugs.

There	is	a	critical	need	to	balance	the	investm ent	in	technical	aspects	of
radiation	therapy	w ith	concepts	and	innovative	approaches	derived	from 	better
understanding	of	cancer	biology.	These	scientific	developm ents	w ill	greatly	alter
the	w ay	in	w hich	w e	practice	our	discipline.

EFFECTS	O F	IRRADIATIO N	O N	CELLS
The	radiation-induced	lesion	m ost	detrim ental	to	cell	survival	involves	dam age
to	the	D N A .	This	m ay	result	in	either	m itotic	cell	death	or	apoptosis.	If	the	cell
survives	and	repairs	the	dam age,	it	m ay	achieve	a	norm al	status.	If	there	is
m isrepair,	it	m ay	be	associated	w ith	perm anent	m utations	and	induction	of
carcinogenesis.	The	physical	interaction	of	ionizing	radiation	w ith	the	m olecular
infrastructure	of	the	cell	results	in	chem ical	reactions	that	occur	w ithin	10−18	to
10−3	 seconds.58	 A bsorption	 of	 the	 photon	 energy	 destabilizes	 the	 target
m olecule,	resulting	in	m olecular	breaks	or	release	of	energetic	electrons	and
secondary	energy-attenuated	photons,	w hich	m ay	interact	w ith	other	cellular
m olecules,	leading	to	a	chain	reaction	that	produces	a	variety	of	short-lived	ions
and	chem ically	unstable	free	radicals.	The	m ost	com m on	radicals	are	produced
from 	the	radiolysis	of	cellular	w ater	and	include	hydroxyl	radicals	(•O H ),
hydrated	electrons	(eaq),	hydrogen	atom s	(H •),	and	hydrogen	peroxide	(H 2O 2).
Free	radicals	are	extrem ely	unstable	and	interact	nearly	instantaneously	w ith
neighboring	m olecules	to	produce	chem ically	stable	lesions.	This	process	can	be
m odified	by	free	radical	scavengers	or	by	oxygen,	w hich	have	opposing	effects
on	the	num ber	of	stable	lesions	and	on	the	level	of	cellular	radiosensitivity.



H ow ever,	if	all	factors	rem ain	constant,	the	perm anent	dam age	is	linear	w ith
dose.	Experim ents	in	w hich	the	cell	nucleus	and	the	cytoplasm 	w ere	selectively
irradiated	show 	that	the	dose	required	in	the	cytoplasm 	to	kill	a	cell	is	larger	than
doses	required	in	the	nucleus.231,232	It	is	generally	accepted	that	m ost	target
m olecules	for	radiation-induced	cell	killing	are	located	in	the	nucleus	and
involve	dam age	to	the	D N A .233	H ow ever,	other	targets	such	as	the	cell
m em brane	and	the	m em brane	of	m itochondria	have	been	proposed	as	the	origin
of	apoptotic	cascades	that	follow 	irradiation	also	contributing	to	cell	death.

In	m any	cells,	radiation-induced	lethality	is	not	instantaneous	because	cells
continue	to	function	and	even	undergo	several	divisions	before	final	m itotic
death	occurs.	N oncycling	lym phocytes,	thym ocytes,	and	hem atopoietic	cells
w ere	show n	to	undergo	an	interphase	cell	death	w ithout	progressing	through	the
m itotic	phase	of	the	cell	cycle.234,235	Tw o	patterns	of	m orphologic	changes	are
associated	 w ith	 cell	 death	 in	 m am m alian	 cells.	 C ell	 necrosis,	 w hich	 is
degenerative,	is	the	m ost	usual	type	of	cell	dam age.	N ecrotic	cell	death	results
from 	collapse	of	cellular	m etabolism 	and	depletion	of	its	adenosine	triphosphate
storage.	 The	 final	 events	 of	 necrosis	 involve	 m em brane	 rupture,	 loss	 of
lysosom al	enzym es,	degradation	of	nuclear	chrom atin,	and	karyolysis.	The	other
process	of	radiation-induced	cell	death	is	apoptosis.	Program m ed	cell	death,	or
apoptosis,	is	a	physiologic	process	that	involves	a	series	of	characteristic,
genetically	 controlled	 steps.	 These	 include	 chrom atin	 condensation	 and
segm entation,	fragm entation	of	the	nucleus	into	apoptotic	bodies,	cell	shrinkage,
and	 loss	 of	 cellular	 contact	 w ith	 neighboring	 cells.64,236–238	 A poptosis
culm inates	 in	 the	 engulfm ent	 of	 the	 cell	 by	 neighboring	 cells,	 such	 as
m acrophages,	 w ithout	 a	 concom itant	 inflam m atory	 response.239	 A poptosis
occurs	spontaneously	in	various	solid	tum ors	and	contributes	to	the	balance
betw een	tum or	cell	gain	and	cell	loss.240

W ithin	m inutes	after	irradiation,	signal	transduction	pathw ays	m ediated	by
protein	kinase	C 	and	tyrosine	kinase	are	stim ulated.86	G enes	and	enzym es
involved	in	genetic	control	of	radiation	dam age	repair	are	activated,	stress	genes
are	induced,	and	grow th	factors	and	cytokines	that	m odulate	response	of
m am m alian	 cells	 to	 ionizing	 radiation	 are	 activated.116	 R adiation-induced
stim ulation	is	probably	critical	to	induction	of	m any	genes	and	proteins,
including	early	response	genes,	w hich,	in	turn,	activate	other	genes,	including
those	for	tum or	necrosis	factor,	fibroblast	grow th	factor,	and	transform ing
grow th	factor.231	In	addition,	new 	proteins,	such	as	tissue	plasm inogen	activator,
are	synthesized.241	This	cascade	of	gene	activation	and	transcription	and	protein















potential)	into	TC P	(see	later	in	this	chapter)	m odels	appears	m ore	prom ising	but
aw aits	broader	validation	in	clinical	trials.126

Probability	of	Tum or	Control
For	m any	histologic	types	of	cancer,	higher	radiation	doses	produce	better	tum or
control.	N um erous	dose–response	curves	for	a	variety	of	tum ors	have	been
published.	The	first	dose–response	data	w ere	reported	for	skin	cancer	by
M iescher127	in	1934;	10	years	later,	Strandqvist128	published	a	dose–response
curve	for	skin	cancer.	The	Strandqvist	plots	w ere	refined	by	von	Essen,129	w ho
dem onstrated	from 	a	large	skin	carcinom a	experience	that	the	slopes	for	97%
tum or	control	and	3% 	skin	necrosis	differed	and	perm itted,	through	appropriate
fractionation	schedules	also	considering	the	volum e	of	disease,	a	dissociation	of
the	tw o	endpoints.	A s	Fletcher130	pointed	out,	m eaningful	dose–response	curves
can	be	generated	only	w hen	a	group	of	hom ogeneous	tum ors	is	given	a	range	of
radiation	doses,	indicating	that	tum or	control	is	a	probabilistic	event.	For	every
increm ent	of	radiation	dose,	a	certain	fraction	of	cells	w ill	be	killed;	therefore,
the	total	num ber	of	surviving	clonogenic	cells	w ill	be	proportional	to	the	initial
num ber	present	and	the	fraction	killed	w ith	each	dose.104,105	Thus,	various	levels
of	irradiation	w ill	yield	different	probabilities	of	tum or	control,	depending	on	the
extent	of	the	lesion	(num ber	of	clonogenic	cells	present).	For	subclinical	disease
in	squam ous	cell	carcinom a	of	the	upper	respiratory	tract	or	for	adenocarcinom a
of	the	breast,	doses	of	45	to	50	G y	w ill	result	in	disease	control	in	m ore	than
90% 	of	patients.130,131	Subclinical	disease	has	been	referred	to	as	deposits	of
tum or	cells	that	are	too	sm all	to	be	detected	clinically	and	even	m icroscopically
but,	if	left	untreated,	subsequently	m ay	evolve	to	clinically	apparent	tum or.132,133
It	m ust	be	em phasized	that	m icroscopic	evidence	of	tum or,	such	as	at	the
surgical	m argin,	should	not	be	regarded	as	subclinical	disease;	cell	aggregates
≥105/cm 3	are	required	for	the	pathologist	to	detect	them .	Therefore,	these
volum es	m ust	receive	higher	doses	of	irradiation,	in	the	range	of	60	to	65	G y,	in
6	to	7	w eeks	for	epithelial	tum ors.	This	distinction	of	disease	extent	is	re-
em phasized	by	clinical	results,	dem onstrating	the	need	for	irradiating	patients
w ith	likely	subclinical	carcinom a	to	postoperative	doses	near	60	G y.134

For	clinically	palpable	head	and	neck	tum ors,	doses	of	65	(for	T1)	to	75	to	80
G y	or	higher	(for	T4	tum ors)	are	required	at	2	G y/day	using	five	fractions
w eekly.	This	dose	range	and	probability	of	tum or	control	have	been	docum ented
for	squam ous	cell	carcinom a	and	adenocarcinom a.87,130,131,135–138	Even	w ith
preoperative	irradiation,	the	dose	effect	on	probability	of	tum or	control	can	be











Structural	alterations	w ithout	anatom ic	or	functional	im pairm ent	m ay	be
noted,	w hereas	in	other	instances,	substantial	injuries	w ith	tissue	destruction,
severe	dysfunction,	or	even	death	m ay	occur.	N orm al	tissues	have	a	substantial
capacity	to	recover	from 	sublethal	or	PLD 	induced	by	radiation	(at	tolerable	dose
levels).	Injury	to	norm al	tissues	m ay	be	caused	by	the	radiation	effect	on	the
m icrovasculature	or	the	support	tissues	(strom al	or	parenchym al	cells).90

R ubin	et	al.151–153	indicated	the	usefulness	of	assigning	a	certain	percentage
of	risk	of	com plication,	depending	on	the	dose	of	the	radiation.	The	m inim al	TD
is	defined	as	TD 5/5,	w hich	represents	the	dose	of	radiation	that	could	cause	no
m ore	than	a	5% 	severe	com plication	rate	w ithin	5	years	after	treatm ent.	(Som e
authors	use	the	equivalent	term s	“tissue	tolerance	dose,”	or	TTD 5/5.	B oth	the
TD 5/5	and	the	TTD 5/5	are	based	on	treatm ent	at	2	G y	per	fraction,	five	fractions
per	w eek.)	A cceptable	com plication	risk	rate	for	severe	injury	of	5% 	in	m ost
curative	clinical	situations	is	generally	view ed	as	acceptable.	M oderate	sequelae
are	noted	in	varying	proportions	(10% 	to	25% 	of	patients),	depending	on	the
dose	of	irradiation	given	and	the	O A R s.

C hronologically,	the	effects	of	irradiation	are	subdivided	into	acute	(first	3
m onths)	and	late	effects	(m ore	than	3	m onths	after	irradiation),	according	to	the
N ational	C ancer	Institute	C om m on	Toxicity	C riteria.	The	gross	m anifestations
depend	on	the	kinetic	properties	of	the	cells	(slow 	or	rapid	renew al)	and	the	total
radiation	dose	given.310

Early	 applications	 of	 tim e–dose	 considerations	 w ere	 applied	 by
B aclesse154,155	based	on	observations	by	C outard32,33,77	that	various	degrees	of
m ucositis	and	m oist	desquam ation	w ere	repaired	by	re-epithelialization	of	the
m ucosa	and	skin	from 	the	periphery	of	the	irradiated	field	and	from 	cells
surviving	in	the	center	of	the	field.	Protracted	fractionation	schedules	for
carcinom a	of	the	breast	w ith	low er	daily	doses	over	10	to	12	w eeks	w ere
successful	in	avoiding	acute	m oist	desquam ation,155	but	the	higher	radiation
doses	caused	severe	tissue	dam age	in	a	large	num ber	of	patients.156

N o	correlation	has	been	established	betw een	the	incidence	and	severity	of
acute	reactions	and	the	occurrence	of	late	effects.	W ithers	et	al.157	com piled	data
depicting	isoeffect	lines	for	acute	or	late	effects	in	several	organs.	The	slopes	for
late	reactions	w ere	steeper	than	for	acute	effects,	and	there	w as	a	lack	of
correlation	betw een	the	doses	producing	sim ilar	severities	of	acute	or	late
effects.158,159	This	m ay	result	from 	the	difference	in	the	slopes	of	cell	survival
curves	for	acute	or	late-reacting	tissues70	(Figs.	1.12	and	1.13).







introduced	m ore	com plexity	into	the	evaluation	of	radiation	effects	on	O A R s.
Journal	articles	and	a	book	have	been	devoted	to	the	“Q uantitative	A nalysis	of
N orm al	Tissue	Effects	in	the	C linic	(Q U A N TEC ),”	w hich	provided	an	updated
review 	of	know ledge	in	this	area	and	practical	guidance	on	toxicity	risks	and
attem pted	to	identify	future	research	to	elucidate	radiation	effects	in	norm al
tissues	and	organs.	The	Q U A N TEC 	program 	has	continued	its	efforts	and
produced	other	publications.	(See	C hapter	14.)

Therapeutic	Ratio	(G ain)
The	im proved	definitions	of	TC P	and	N TC P160	im ply	that	there	is	an	optim al
radiation	dose	that	produces	a	m axim um 	tum or	control	w ith	a	m inim um
(reasonably	 acceptable)	 frequency	 of	 com plications,	 also	 called	 treatm ent
sequelae.	The	farther	the	TC P	and	N TC P	curves	diverge,	the	m ore	favorable	is
the	therapeutic	ratio	(Fig.	1.14).	The	therapeutic	ratio	or	therapeutic	gain	factor
(TG F)	of	a	given	regim en	could	be	expressed	as	a	ratio:







M endelsohn161	 expressed	 this	 concept	 in	 term s	 of	 “uncom plicated	 tum or
ablation.”

The	selection	of	a	dose	m ust	w eigh	the	probability	of	m ajor	com plications	for
any	potential	enhancem ent	of	tum or	control.	M odels	for	decision-m aking,	using
B ayesian	 theory,	 incorporate	 values	 assigned	 to	 positive	 or	 negative
outcom es.161	Positive	outcom e	is	considered	tum or	cure	w ithout	com plication,
w hereas	negative	outcom es	include	tum or	cure	w ith	significant	com plications	or
tum or	recurrence	w ith	or	w ithout	com plications	(Fig.	1.15).

Im pact	of	Local	Tum or	Control	on	Survival
System ic	chem otherapy,	im m unotherapy,	and	m olecularly	targeted	therapy	have
been	em phasized	as	therapies	that	could	im prove	survival	of	cancer	through
control	of	system ic	m etastatic	disease.	The	effect	of	locoregional	tum or	control
on	patient	survival	has	been	em phasized	repeatedly.162	C linical	experiences	and
random ized	trials	dem onstrate	for	cancers	w ith	high	m etastatic	potential,	such	as
breast,	prostate,	and	lung,	that	im proved	locoregional	control	by	radiotherapy
w ith	or	w ithout	chem otherapy	enhances	overall	survival.	This	has	revived	the
interest	in	locoregional	radiotherapy	as	a	survival-prolonging	treatm ent	m odality,
also	confirm ing	earlier	clinical	experiences	in	patients	w ith	carcinom a	of	the
lung,	prostate,	and	uterine	cervix.

B ecause	of	the	em phasis	on	control	of	system ic	disease,	assessm ent	of	the
im portance	of	locoregional	tum or	control	in	patients	w ith	m alignant	tum ors	has
been	relatively	underem phasized.	In	a	large	proportion	of	patients	w ith	cancer
seen	in	the	U nited	States,	locoregional	recurrence	is	just	as	prevalent	(69% 	of
patients	 dying	 w ith	 locoregional	 disease)	 as	 distant	 m etastases.	 A 	 large
proportion	of	patients	(50% )	have	both	locoregional	recurrence	and	distant
m etastases.

C linical	data	dem onstrate	that	tum or	persistence	after	initial	therapy	does,
because	of	tum or	progression,	carry	as	poor	a	prognosis	as	treatm ent	of	a	m ore
advanced	cancer.	In	addition,	radiotherapy	has	been	show n	for	tum or	w ith	high
m etastatic	potential,	such	as	breast,	prostate,	and	lung,	to	prolong	overall
survival	if	higher	radiation	doses	are	delivered	and	achieve	im proved	local
control	rates.115,163,164

DO SE–TIM E	FACTO RS
D ose–tim e	considerations	constitute	com plex	relationships	that	express	the







schedule	is	potentially	harm ful	and	m ust	be	approached	w ith	caution.	H ow ever,
the	im proved	quality	of	clinical	trials	by	national	study	groups	and	by	individual
institutions	has	generated	a	grow ing	body	of	clinical	outcom e	data	that,	together
w ith	im proved	biologic	m odeling,	allow s	relatively	accurate	predictions	of
clinical	outcom es	based	on	relative	biologic	effectiveness	(R B E)	calculations172
(Table	1.6).

M ultiple	daily	fractions	are	likely	to	be	m ore	effective	in	rapidly	grow ing
tum ors	 w ith	 a	 high	 grow th	 fraction.	 N orm al	 tissues	 behave	 as	 actively
proliferating	cells	for	expression	of	acute	reactions	but	as	slow ly	proliferating
cells	in	the	m anifestation	of	late	injury.173,174	A s	suggested	by	several	biologic
studies,175	clinical	trial	results	conducted	by	EO RTC 	and	RTO G 	dem onstrated
that	a	m inim um 	of	6	hours	of	interfraction	interval	should	be	allow ed	w hen
m ultiple	daily	fractions	are	used	to	allow 	m axim um 	repair	of	norm al	tissues.
This	is	supported	by	reduced	com plication	rates	in	patients	irradiated	for
carcinom a	of	the	lung	and	a	highly	uniform 	cohort	of	patients	w ith	tonsillar
squam ous	cell	carcinom as.72,134

A ccelerated	fractionation	aim s	at	shortening	the	overall	treatm ent	tim e.
Schedules	m ay	use	larger	than	standard	size	fractions	five	tim es	w eekly	or	m ore
than	five	fractions	per	w eek	of	2	G y.	In	addition,	m ultiple	fractions	of	radiation
m ay	be	given	daily	exclusively	or	in	com bination	w ith	standard	fractions	of	2
G y.	Som e	reduction	in	the	total	dose	delivered	m ay	have	to	be	used	for	fractions
>2	G y	for	norm al	tissue	sparing.	These	schedules	m ay	be	preferable	w ith
hypoxic	cell	sensitizers	or	other	chem ical	m odifiers	of	radiation	response	that
require	the	presence	of	a	high	concentration	of	the	com pound	in	the	tum or	at	the
tim e	of	the	radiation	exposure.

W ith	hyperfractionation,	a	larger	num ber	of	sm aller-than-conventional	dose
fractions	are	given	daily;	the	total	daily	dose	is	usually	10% 	to	20% 	greater	than
w ith	standard	fractionation;	the	total	period	of	tim e	is	m inim ally	changed;	and
the	total	dose	needs	to	be	escalated	to	achieve	tum or	toxicity	sim ilar	to	that	of
standard	fractionation.	The	aim 	of	hyperfractionation	is	to	achieve	the	sam e
incidence	of	late	effects	on	norm al	tissue	as	observed	w ith	a	com parable
conventional	regim en	w hile	increasing	the	probability	of	tum or	control	through
dose	escalation.176

TABLE	1.6	CO M PARISO N	O F	VARIO US	FRACTIO NATIO N
SCHEDULES
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