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Introduction

Epidemiology or rectal cancer
With	approximately	610.000	deaths	 in	2008,	colorectal	cancer	 is	4th	 in	cancer	specific	
mortality	worldwide,	after	lung,	stomach	and	liver	cancer	(WHO).	International	trends	
indicate	that	the	incidence	rates	of	colorectal	cancer	are	rising,	especially	in	economically	
transitioning	countries	[1].	The	increase	in	these	countries	may	reflect	the	adoption	of	
western	 lifestyles	and	behaviours.	Many	of	 the	established	and	suspected	modifiable	
risk	 factors	 for	colorectal	cancer,	 including	obesity,	physical	 inactivity,	 smoking,	heavy	
alcohol	consumption,	a	diet	high	in	red	or	processed	meats,	and	inadequate	consumption	
of	 fruits	 and	 vegetables,	 are	 also	 factors	 associated	 with	 economic	 development	 or	
westernization	[1].	

 In the Netherlands colorectal cancer has the 2nd	largest	incidence	of	all	cancer	types	
after	breast	cancer,	with	a	total	of	12.319	new	cases	in	2009	(iKCnet.nl).	During	the	90’s	
approximately	 25%	 of	 the	 colorectal	 cancers	were	 in	 fact	 carcinomas	 in	 the	 rectum,	
being	defined	as	carcinomas	in	the	last	15	cm	of	the	large	bowel.	In	the	recent	years	the	
percentage	steadily	increased	up	to	approximately	29%	in	2008.	The	raising	incidence	of	
rectal	cancer	resulted	in	an	increase	from	approximately	2000	patients	per	year	in	the	
90’s	to	3500	patient	per	year	nowadays	(Fig.	1.1).	So	far,	there	are	no	reasons	to	believe	
that	 this	 trend	 will	 change	 in	 the	 coming	 years.	 Rectal	 cancer	 is	 more	 predominant	
in	males	 (60%).	 Despite	 the	 increase	 in	 incidence,	 the	mortality	 rates	 per	 year	 have	
remained	steady,	with	around	850	patients	per	year	(Fig.	1.1).	The	5-year	survival	rates	
improved	 from	about	 50%	 in	 the	 early	 90’s	 to	 around	65%	nowadays	 and	 survival	 is	
mainly	dependent	on	the	advancement	of	the	cancer	at	diagnosis	and	the	possibility	to	
remove	all	tumor	cells	at	surgery.

Fig. 1.1:	Absolute	incidence	and	mortality	of	rectal	cancer	in	the	netherlands

Absolute incidence and mortality of rectal cancer in the Netherlands
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	 Most	 patients	 with	 rectal	 cancer	 are	 unaware	 of	 their	 disease	 until	 they	 are	
confronted	with	a	 changed	defecation	pattern	or	anal	blood	 loss.	Approximately	half	
of	the	rectal	cancers	are	already	advanced	on	the	time	of	diagnosis.	Starting	in	2013,	
screening	programs	will	be	introduced	in	the	Netherlands	in	order	to	detect	colorectal	
cancers	in	an	earlier	stage	and	improve	the	survival	while	reducing	morbidity.

Disease staging
There	 are	 several	 scoring	 systems	 for	 staging	 of	 rectal	 cancer,	 such	 as	 the	 Dukes	
classification	and	the	more	widely	used	UICC	Tumor-Node-Metastasis	(TNM)	classification	
[2].	 The	 tumor	 classification	 is	 in	 4	 stages	 being	 T1)	 tumor	 invades	 the	 submucosa;	
T2)	 tumor	 invades	 the	muscularis	propria;	 T3)	 tumor	 invades	 through	 the	muscularis	
propria	 into	 the	 submucosa	or	 into	 the	perirectal	 tissue;	 T4)	 tumor	directly	 invades/
penetrates	surrounding	organs/structures.	Nodal	disease	is	divided	into	3	stages	being	
N0)	 no	 regional	 nodal	 involvement;	 N1)	metastatic	 disease	 in	 1	 to	 3	 regional	 lymph	
nodes;	N2)	metastatic	disease	in	4	or	more	regional	lymph	nodes.	Metastatic	disease	is	
classified	in	M0	and	M1,	being	distant	metastasis	not	present	or	present,	respectively.	
Any	 combination	of	 TNM	 is	possible,	 and	 combinations	 can	be	 further	 classified	 into	
disease	stage	I	–	IV,	being	I)	T1-2	N0	M0;	II)	T3-4	N0	M0;	III)	T1-4	N1-2	M0	and	IV)	T1-4	
N0-2	M1.	The	TNM	stage	is	defined	as	cTNM	when	based	on	clinical	findings,	as	yTNM	
after	(chemo-)	radiation	and	pTNM	when	based	on	pathology.

Treatment of rectal cancer
The	 treatment	 of	 rectal	 cancer	 patients	 has	 evolved	 significantly	 over	 the	 past	 30	
years,	 which	 has	 resulted	 in	 improved	 local	 control	 and	 overall	 survival.	 Extensive	
surgical	therapy	for	rectal	cancer	has	been	the	standard	of	care	for	many	decades,	after	
William	Ernest	Miles	first	described	the	abdominoperineal	(APR)	resection	in	1908	[3].	
Abdominoperineal	resections	involve	removal	of	the	anus,	the	rectum	and	part	of	the	
sigmoid	colon	along	with	the	associated	(regional)	lymph	nodes,	through	incisions	made	
in	 the	 abdomen	 and	 perineum.	 Sphincter	 saving	 surgery,	 described	 as	 low-anterior	
resection	(LAR),	was	developed	later	in	the	20th	century	for	rectal	tumors	located	several	
centimeters	 from	 the	 anal	 verge	 to	 reduce	morbidity.	 A	major	 step	 in	 improvement	
of	 local	 control	and	 survival	was	 the	 standardization	of	 surgery	 to	 the	 so-called	Total	
Mesorectal	Excision	(TME),	first	described	by	Heald	et	al.	[4]	 in	1979.	The	principle	of	
a	TME	 is	 to	excise	 the	 rectum,	with	 its	 surrounding	 soft	tissue	and	 lymphatics,	as	an	
intact	 unit	 covered	by	 the	mesorectal	 envelope.	A	 successful	 TME	 specimen	with	 an	
intact	mesorectum	will	 for	 the	majority	of	patients	 result	 in	negative	 tumor	margins,	
not	leaving	tumor	cells	in	the	pelvic	area.	In	a	review	of	the	first	465	patients	operated	
by	Heald	et	al.	the	superiority	of	a	TME	compared	to	historic	surgical	techniques	was	
shown,	with	local	recurrence	(LR)	rates	of	6%	at	5	years	and	8%	at	10	years	[5],	compared	
to	historical	numbers	between	15	and	50%	[6].	These	single	center	low	LR	rates	were	
later	confirmed	in	several	multi-center	trials	[7].
	 Nowadays	there	is	a	tendency	to	treat	early	stage	T1N0	rectal	cancers	with	a	local	
excision	 such	 as	 transanal	 endoscopic	 microsurgery	 (TEM),	 instead	 of	 a	 TME.	 These	
procedures	result	in	lower	morbidity	and	mortality	at	a	small	cost	of	local	control	[8].	
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	 The	most	important	prognostic	factor	for	prediction	of	LR,	distant	metastases	(DM)	
and	 overall	 survival	 (OS)	 is	 the	 circumferential	 resection	margin	 (CRM)	 [9],	 which	 is	
defined	positive	when	tumor	cells	are	found	within	1	mm	from	the	surgical	resection	
margin.	 The	 CRM	 can	 be	 predicted	 on	 pre-treatment	 magnetic	 resonance	 (MR)	
images	by	assessing	the	distance	between	the	tumor/positive	 lymph	node	borders	to	
the	mesorectal	 fascia	 (MRF).	Treatment	options	are	dependent	on	 the	pre-treatment	
assessment	of	MRF	involvement.		

Neo-adjuvant chemo- and radiotherapy in rectal cancer
Although	 local	 recurrence	 rates	have	dropped	 from	approximately	30-50%	 to	10%	or	
less	with	 the	 introduction	of	 the	TME	procedure	 there	 is	 still	 room	 for	 improvement	
by	adding	 (neo-)	adjuvant	 (chemo-)	 radiotherapy.	The	aim	of	 (neo-)	adjuvant	 therapy	
is	 to	decrease	 the	 risk	of	 local	and	distant	 recurrence	within	 the	 limits	of	acceptable	
morbidity.
	 For	(neo-)adjuvant	radiotherapy	 in	resectable	rectal	cancer	two	general	treatment	
schedules	are	used,	being	 short-course	RT	with	25	Gy	 in	5	 fractions	delivered	 in	one	
week	(SCRT)	and	long-course	RT	of	45-50	Gy	in	25-28	fractions	of	1.8-2.0	Gy	(LCRT).	In	
the	past	decades	it	has	been	debated	when	to	add	radiotherapy	and/or	chemotherapy,	
what	 fractionation	scheme	should	be	used	and	whether	 it	had	 to	be	given	before	or	
after	surgery.	In	the	next	section	the	key-trials	which	were	conducted	to	answer	these	
questions	are	described.
	 The	 question	 whether	 long	 course	 chemo-radiotherapy	 (CRT)	 in	 stage	 II	 and	 III	
resectable	 disease	 should	 be	 given	 in	 a	 adjuvant	 or	 neo-adjuvant	 setting	 has	 been	
answered	by	the	German	pre-	vs.	post-operative	CRT	trial	[10].	The	neo-adjuvant	CRT	
arm	of	the	trial	showed	better	compliance,	lower	LR	rates	and	lower	acute-	and	long-
term	side	effects.	 In	 the	subgroup	of	patients	that	were	pre-treatment	 judged	by	the	
surgeons	to	undergo	an	APR,	the	rate	of	sphincter	preserving	surgery	was	doubled	after	
pre-operative	CRT	compared	to	the	post-operative	CRT	patients.	In	this	trial	no	difference	
in	DM,	disease-free	and	overall	survival	was	observed.	CRT	is	therefore	generally	done	in	
a	pre-operative	setting.
	 The	use	of	LCRT	as	sole	neo-adjuvant	treatment	in	rectal	cancer	patients	has	been	
abandoned	 based	 on	 the	 EORTC	 29921	 [11]	 and	 the	 FFCD	 9203	 [12]	 trials.	 In	 the	
EORTC	29921	trial	the	use	of	LCRT	was	compared	to	LCRT	plus	fluorouracil	(FU)	based	
chemotherapy	(CRT).	Simultaneously,	the	addition	of	adjuvant	chemotherapy	was	tested,	
resulting	in	a	2x2	design	randomized	trial	in	advanced	T3-4	resectable	rectal	cancer.	The	
interval	between	the	neo-adjuvant	treatment	and	surgery	was	between	3	and	10	weeks.	
The	CRT	resulted	in	 lower	LR	rates,	smaller	tumors,	 less	advanced	pathological	tumor	
and	nodal	stages	and	less	frequent	lymphatic,	venous	and	perineural	invasion	compared	
to	LCRT.	However,	no	improvement	in	progression-free	and	overall	survival	was	shown	
[11].	The	reduction	 in	tumor	size	did	not	result	 in	more	sphincter	saving	surgery.	The	
adjuvant	chemotherapy	did	not	result	in	improved	progression-free	and	overall	survival	
[11].	In	an	exploratory	subgroup	analysis	on	the	patients	with	a	negative	CRM	and	M0	
disease	 at	 surgery	 the	 addition	of	 adjuvant	 chemotherapy	 seemed	 to	 be	 effective	 in	
patients	with	down	staged	ypT0-2	tumors	[13].



Chapter 1 

16 |

	 In	 stage	 I	 -	 III	 resectable	 rectal	 cancer	 the	 addition	 of	 preoperative	 SCRT	 to	 TME	
surgery	compared	to	TME	alone	results	in	significant	reduction	of	the	LR	rate	[14,	15]	
in	patients	with	a	negative	CRM	after	surgery.	In	this	setting	a	positive	CRM	is	the	most	
important	predictor	for	LR,	indicating	that	SCRT	can	not	fully	compensate	for	the	inability	
to	 remove	all	 tumor	 cells	 at	 surgery.	Because	of	 the	 short	time	between	RT	and	 the	
TME	no	down	staging	of	the	rectal	cancer	or	reduction	in	the	number	of	patients	with	
a	positive	CRM	is	observed	[16].	The	beneficial	clinical	effect	of	SCRT	in	CRM	negative	
patients	is	correlated	to	the	TNM	stage.	In	TNM	stage	I	disease,	the	low	incidence	of	LR	
is	relatively	reduced	significantly,	but	the	absolute	reduction	if	clinically	less	relevant.	For	
higher	stage	disease	the	higher	incidence	of	LR	and	lower	OS	are	improved	to	a	clinical	
relevant	level	with	SCRT	[14].
	 The	 use	 of	 SCRT	 versus	 CRT	 has	 been	 compared	 in	 a	 Polish	 (n=312)	 [17]	 and	 an	
Australian	 (n=326)	 [18]	 randomized	 study.	 In	 both	 studies	 the	 acute	 grade	 III	 and	
IV	 toxicity	was	 lower	 in	 the	 SCRT	 group,	while	 late	 toxicity,	 LR	 and	OS	 did	 not	 differ	
significantly.	Because	of	the	small	sample	size	in	both	studies	no	definitive	conclusions	
can	 be	 drawn	 on	 LR	 and	OS	 differences	 between	 both	 treatment	 schedules	 and	 the	
discussion	on	what	treatment	is	best	still	continues.
	 The	 ultimate	 trial	 in	 radiotherapy	 as	 sole	 neo-adjuvant	 treatment	 is	 the	 ongoing	
Stockholm	 III	 trial,	 in	 which	 patients	 are	 randomized	 between	 SCRT	with	 immediate	
surgery	(within	1	week),	SCRT	with	delayed	surgery	(4-8	weeks)	and	LCRT	with	delayed	
surgery.	The	potential	effects	of	a	longer	waiting	period	after	SCRT	are	downsizing	of	the	
tumor	and	subsequent	reduction	in	CRM	positivity	and	increase	in	sphincter	preserving	
surgery,	however	none	of	these	effects	are	amongst	the	primary	or	secondary	endpoints	
in	the	trial.	Based	on	the	first	303	patients	no	significant	differences	in	compliance	and	
severe	 acute	 toxicity	 between	 the	 3	 arms	were	 shown	 [19].	Unfortunately,	with	 303	
patients	between	1998	and	2005,	accrual	for	the	Stockholm	III	trial	is	low.	
	 Delayed	surgery	after	SCRT	is	more	often	used	for	advanced	rectal	cancer	patients	
who	are	ineligible	for	CRT.	Despite	high	age	and	advanced	disease	in	these	patients,	the	
schedule	is	generally	well	tolerated	and	radical	surgery	is	possible	in	a	considerable	part	
of	the	patient	population	[20,	21].	
	 In	a	recent	meta-analysis	on	the	biologic	effective	dose	and	fractionation	by	Viani	
and	colleagues	[22]	both	short-course	and	long-course	neo-adjuvant	RT	with	a	biological	
equivalent	 dose	 above	 30	 Gy	 was	 shown	 to	 significantly	 reduce	 overall	 mortality	
compared	 to	 surgery	alone	 (odds	 ratio	SCRT	0.87	and	LCRT	0.77,	p=0.03	and	p=0.04,	
respectively).	Also	in	the	Dutch	TME	trial,	for	the	subgroup	of	TNM	stage	III	patients	with	
a	negative	CRM	the	10-year	 survival	was	 significantly	higher	 for	RT	+	TME	compared	
to	 TME	 alone	 (50	 vs.	 40%,	 p=0.032)	 [14].	 So	 in	 the	 broader	 picture,	 and	 for	 certain	
subgroups,	neo-adjuvant	RT	not	only	improves	local	control,	but	also	overall	survival.
	 In	 summary,	 the	 above	 described	 results	 for	 SCRT,	 LCRT	 and	 CRT	 show	 that	 neo-
adjuvant	 treatment	 in	 early	 and	 advanced	 stage	 resectable	 rectal	 cancer	 patients	
operated	with	TME	surgery	results	in	a	reduction	of	local	recurrences,	with	no	or	a	minor	
improvement	in	progression	free	and	overall	survival.	With	a	maximum	LR	reduction	of	
approximately	9%	 in	 the	EORTC	trial	 [11]	 relatively	many	patients	need	to	be	treated	
with	neo-adjuvant	 treatment	 to	prevent	one	LR.	The	MRC-CR07	 trial,	 comparing	pre-
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operative	 SCRT	 with	 selective	 post-operative	 CRT	 when	 the	 CRM	 was	 positive,	 was	
designed	 to	evaluate	whether	 it	 is	possible	better	 select	patients	which	benefit	 from	
additional	 treatment.	 It	 was,	 however,	 shown	 that	 the	 SCRT	 resulted	 in	 significantly	
lower	LR	rates	than	selecting	patients	for	CRT	that	have	a	positive	CRM	[15].	
	 Based	on	the	evidence	from	literature	one	might	argue	that	for	T1-2N0	rectal	cancer	
TME	surgery	alone	should	be	the	treatment	of	choice.	For	T3N0	cancer	without	MRF	
involvement	there	is	the	option	to	add	SCRT	for	local	control,	while	for	resectable	T4N0	
disease	 CRT	 should	 definitely	 be	 added.	 For	 patients	 with	 nodal	 involvement	 neo-
adjuvant	treatment	 is	needed,	but	debates	are	ongoing	whether	this	should	be	SCRT,	
SCRT	 with	 delayed	 surgery	 or	 CRT,	 depending	 on	 country,	 distance	 to	 the	MRF	 and	
T-stage.	For	stage	III	rectal	cancer	with	expected	involvement	of	the	MRF	neo-adjuvant	
chemo-radiotherapy	 should	 be	 given	 to	 improve	 local	 control,	 and	 in	 patients	 with	
significant	down	staging	adjuvant	chemotherapy	might	be	added.	Discussion	on	how	to	
treat	a	patient	are	further	complicated	by	possible	discrepancies	in	the	studies	between	
clinical	staging,	based	on	imaging,	and	pathological	staging.
	 An	alternative	 treatment	 schedule	gaining	popularity	 is	 the	“wait	and	see”	policy,	
introduced	 by	 Habr-Gama	 et	 al.	 [23].	 After	 neo-adjuvant	 treatment	 of	 rectal	 cancer	
between	10	to	40%	of	patients	have	a	complete	pathological	response,	where	no	tumor	
cells	are	 found	 in	 the	surgical	specimen.	 In	 the	“wait	and	see”	policy,	patients	with	a	
clinical	complete	response	are	not	operated,	but	an	intensive	follow-up	scheme	is	used	
for	monitoring.	Assessing	a	clinical	complete	response	is,	however,	only	reliably	possible	
when	 using	 advanced	 imaging	 such	 as	 diffusion	 weighted	 MRI	 [24].	 This	 weakness	
was	 especially	 pointed	out	 by	Glynne-Jones	 et	 al.	 [25]	who	 showed	 in	 a	 review	 that	
approximately	 only	 30%	 of	 the	 clinical	 complete	 responders	 are	 also	 pathological	
defined	complete	responders.	Until	this	technique	has	reached	clinical	routine,	there	is	
reluctance	to	implement	the	“wait	and	see”	policy	widely.	As	an	intermediate	approach,	
instead	of	using	 the	“wait	and	see”,	good	responders	can	also	be	operated	using	 the	
minimal	invasive	TEM	procedure.	If	the	resection	margins	turn	out	to	contain	residual	
tumor	or	down	staging	is	insufficient,	a	TME	can	be	performed	after	all,	as	is	the	design	
in	the	ongoing	Dutch	CARTS	study.	
	 For	patients	with	non-resectable	rectal	cancer,	neo-adjuvant	CRT	is	generally	used	to	
achieve	down	staging	and	downsizing	to	facilitate	a	curative	resection.	A	major	challenge	
in	the	treatment	of	these	tumors	is	assessing	the	response	and	operability	after	CRT	on	
MR	scans,	since	it	is	hard	to	distinguish	tumor	from	fibrosis	[26].	In	general,	patients	with	
non-resectable	rectal	cancer	will	have	very	poor	prognosis,	except	for	patients	with	a	
very	good	response	to	neo-adjuvant	CRT.	The	remainder	of	this	thesis	will	focus	on	pre-
operative	SCRT	and	CRT	in	resectable	rectal	cancer	only.

Radiotherapy target volume and treatment delivery
Radiotherapy	is	a	local	therapy,	and	therefore	a	target	volume	needs	to	be	defined.	In	
RT,	three	different	target	volumes	are	generally	defined,	being	the	gross	tumor	volume	
(GTV),	the	clinical	target	volume	(CTV)	and	the	planning	target	volume	(PTV).	The	GTV	
in	rectal	cancer	is	defined	as	the	visible	tumor	and	involved	lymph	nodes.	The	CTV	is	the	
GTV	plus	the	volume	that	is	suspected	to	contain	microscopic	tumor	extensions.	Since	
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microscopic	extensions	are	not	visible	on	medical	images,	anatomical	guidelines	for	CTV	
definition	have	been	developed	[27].	These	guidelines	include	all	regions	of	the	pelvic	
area	at	risk	for	a	local	recurrence	when	not	irradiated.	The	CTV	is	typically	defined	by	
manual	delineation	on	a	planning	computed	tomography	(CT)	scan.	In	order	to	ensure	that	
the	CTV	is	receiving	the	intended	dose	one	should	take	the	uncertainties	in	preparation	
and	delivery	of	RT	into	account.	These	uncertainties	consist	of	CTV	delineation	variation,	
setup	variation	of	the	patient	with	respect	to	the	treatment	machine	and	shape/position	
variation	of	the	CTV	within	the	patient	[28].	Geometric	uncertainties	are	divided	into	2	
major	components,	being	the	systematic	and	the	random	errors.	The	systematic	errors	
describe	the	average	differences	between	what	was	intended	to	be	treated	and	what	
was	treated,	while	random	errors	describe	the	day-to-day	variation.	The	uncertainties	
are	taken	 into	account	by	expanding	the	CTV	with	a	safety	margin	to	a	PTV	[29].	The	
larger	the	PTV	margin,	the	more	certain	it	is	that	the	CTV	will	receive	the	prescribed	dose,	
but	simultaneously,	also	more	healthy	tissue	will	be	irradiated,	with	risk	of	morbidity.	
Systematic	errors	have	a	 larger	effect	on	 the	dose	delivered	 to	 the	CTV	than	random	
errors	and	are	therefore	the	major	contributors	to	the	size	of	the	PTV	margin.
	 The	 planning	 and	 delivery	 technique	 of	 radiotherapy	 has	 improved	 greatly	 over	
the	past	30	years.	In	the	early	years	RT	delivery	was	performed	using	2	opposing	large	
rectangular	fields.	With	this	 technique	a	cube	of	dose	was	delivered	 involving	almost	
the	whole	pelvis	and	not	shaping	the	dose	to	the	PTV.	An	improvement	in	conforming	
the	dose	to	the	PTV	was	made	with	the	introduction	of	3-	and	4-	field	box	techniques.	
Each	beam	was	rectangle	shaped	and	the	size	was	defined	by	the	outer	borders	of	the	
PTV.	With	the	introduction	of	the	multi-leaf	collimator	the	shape	of	each	beam	could	be	
adapted	to	the	actual	shape	of	the	PTV,	resulting	in	conformal	RT.	Nowadays	we	have	
the	ability	to	deliver	the	RT	dose	using	intensity	modulated	radiotherapy	(IMRT),	where	
typically	 7	 beams	 from	 different	 angles	 are	 subdivided	 into	 segments,	 for	which	 the	
intensity	can	be	varied.	With	 IMRT	the	conformality	and	homogeneity	of	 the	dose	to	
the	PTV	is	further	improved	[30,	31].	Besides	having	a	limited	number	of	beam	angles	
(step	and	shoot)	the	IMRT	can	also	be	delivered	in	a	continuous	rotational	fashion	during	
which	the	collimator,	rotation	speed	and	intensity	are	modulated	(intensity	modulated	
arc	therapy	(IMAT)).	
	 Each	 of	 the	 above	 described	 improvements	 in	 RT	 delivery	 resulted	 in	 more	
conformality	 to	 the	 PTV,	 and	 subsequently	 lower	 dose	 to	 the	 surrounding	 healthy	
tissues.	As	described,	nowadays	a	CTV	is	delineated	on	a	CT	scan	and	expanded	to	a	PTV	
for	which	a	treatment	plan	is	calculated.	In	the	days	that	CT	and	3D	treatment	planning	
systems	were	not	available,	treatments	were	designed	by	defining	field	borders	based	
on	bony	anatomy	on	fluoroscopic	images.	These	advancements	with	CT	based	planning	
have	led	to	reduced	irradiated	volumes	[32].	In	the	Swedish	rectal	cancer	trial,	running	
from	1987	 to	 1990,	 the	 cranial	 border	of	 the	 treatment	fields	was	 set	 at	 the	mid-L4	
level	[33].	In	the	later	designed	Dutch	TME	trial,	running	from	1996	to	1999,	the	cranial	
border	of	the	treatment	fields	was	lowered	to	the	promontory	at	the	L5/S1	level	[34].	
Nowadays	the	cranial	border	of	the	CTV	is	defined	by	the	bifurcation	of	the	iliac	artery	
into	the	internal	and	external	iliac,	and	typically	a	1	cm	PTV	margin	is	added	to	create	the	
PTV	[27].
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Image-guided radiotherapy
The	geometric	errors	in	radiotherapy	can	be	measured	in	images	of	the	patient	acquired	
at	 the	 treatment	machine.	 In	 image-guided	RT	 (IGRT)	corrections	are	based	on	 these	
measurements,	 with	 the	 aim	 to	 reduce	 the	 geometrical	 uncertainties	 [35].	 When	
available,	IGRT	corrections	can	be	applied	directly	before	start	of	the	treatment	fraction,	
called	online	correction,	aiming	to	correct	both	the	systematic	and	random	errors.	When	
processing	is	needed	to	measure	the	error,	or	daily	imaging	is	not	feasible,	corrections	
can	also	be	applied	in	an	offline	fashion	in	the	subsequent	fraction.	However,	statistical	
models	 are	 generally	 needed	 to	 assure	 that	 the	 applied	 correction	 is	 correcting	 the	
systematic	error,	and	is	not	 influenced	by	the	day-tot-day	changing	random	error	[36,	
37].	
 

The	available	 imaging	devices	have	also	evolved	over	 the	past	30	years	 [35].	At	first,	
portal	films	were	used	to	 image	the	exit	dose	of	 the	treatment	fields.	On	these	films	
it	was	possible	to	visualize	the	bony	anatomy	position	with	respect	to	the	field	edges.	
These	 portal	 films	 were	 later	 replaced	 by	 electronic	 portal	 imaging	 devices	 (EPID),	
providing	similar	information,	but	then	digitally.	With	knowledge	of	the	bony	anatomy	
position	with	respect	to	the	treatment	fields	it	is	possible	to	correct	for	the	setup	of	the	
patient	by,	for	example	shifting	the	treatment	table	[36,	37].	

Fig 1.2:	Example	of	a	modern	image-guided	radiotherapy	lineair	accelerator	equipped	with	both	a	portal	imag-
ing	device	(white	arrow)	and	a	kV	cone-beam	CT	system	(black	arrows)	with	the	flat	panel	on	the	left	and	the	
x-ray	source	on	the	right.
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	 To	further	reduce	geometric	uncertainties,	soft-tissue	contrast	is	needed	to	measure	
the	 positional	 variation	 of	 the	 CTV.	 For	 most	 treatment	 sites,	 such	 as	 rectal	 cancer,	
introduction	of	new	equipment,	such	as	the	in-room	CT	on	rails,	kV-	and	MV-cone-beam	
CT	(CBCT)	and	Tomotherapy	was	needed	in	order	to	visualize	soft	tissue	[35].	When	the	
position	of	the	CTV	is	localized	just	prior	to	treatment,	the	easiest	direct	correction	that	
can	be	made	is	a	simple	couch	shift.	
When	shape	changes	of	the	CTV	occur,	treatment	fields	have	to	be	adapted	to	conform	to	
the	new	shape	[38].	These	adaptations	demand	for	a	re-calculation	of	the	planned	dose	
for	quality	assurance,	and	are	therefore	not	commonly	applied.	Pragmatic	applications	
are	sometimes	used	when	there	is	an	apparent	systematic	anatomic	change	by	acquiring	
a	new	planning	CT	scan	and	calculating	a	new	treatment	plan.
	 To	 assess	 a	 setup	 error,	 or	 a	 positional	 shift	of	 the	CTV	with	 respect	 to	 the	bony	
anatomy,	automatic	registration	of	the	in-room	image	with	the	planning	CT	is	important.	
With	bony	anatomy	being	clearly	visible	on	CT	 images,	automatic	 registration	can	be	
performed	reliably	and	fast.	Registration	of	the	CTV	is	generally	much	more	challenging	
due	 to	 less	 contrast	with	 respect	 to	 surrounding	 tissue.	 To	 help	 registration,	 fiducial	
markers	can	be	 implanted	within	or	near	the	CTV	to	gather	the	marker	displacement	
as	a	surrogate	for	the	CTV	displacement.	This	is,	for	example,	generally	done	in	prostate	
cancer	RT.
	 Assessing	shape	variation	of	the	CTV	demands	deformable	image	registration,	which	
is	highly	challenging.	The	challenge	lies	in	the	assurance	that	tissues	which	are	registered	
on	 top	 of	 each	 other	 are	 actually	 the	 same.	 Deformable	 image	 registration	 has	 not	
reached	the	clinics	yet,	but	a	lot	of	effort	is	invested	[39].		
	 In	RT	of	rectal	cancer	only	corrections	of	the	setup	error	are	generally	used	[40].	In	
SCRT,	with	 relatively	high	dose	per	 fraction,	 the	 setup	errors	are	 corrected	online.	 In	
LCRT,	where	daily	imaging	is	not	common	and	fraction	dose	is	about	2	Gy,	setup	errors	
are	corrected	offline.

Radiotherapy induced toxicity
While	addition	of	(chemo-)	radiotherapy	to	surgery	improves	local	control,	it	also	comes	
with	an	increase	in	acute	and	late	toxicity.	As	toxicity	 is	correlated	to	the	exposure	of	
organs	at	 risk,	 the	changes	 in	RT	delivery	and	planning	have	changed	the	occurrence	
of	toxicity.	Conventional	RT	delivery	using	2	opposing	fields	has	been	associated	with	
an	 increase	 in	 post-operative	mortality	 in	 the	 Stockholm	 I	 trial,	 especially	 in	 elderly,	
compared	 to	 surgery	 only	 [34].	 This	was	 also	 seen	 in	 the	 Swedish	 rectal	 cancer	 trial	
where	a	subset	of	patients	was	treated	using	2	opposing	fields	[33].	With	3-	or	4-field	
techniques	post-operative	mortality	was	not	different	anymore	between	SCRT	+	TME	and	
TME	alone	(around	3-4	%)	[33,	34].	Undergoing	an	APR	after	SCRT	is	also	associated	with	
increased	perineal	wound	healing	problems	(48%	vs.	41%	[42]).	As	a	 late	effect,	SCRT	
is	associated	with	 increased	faecal	 incontinence	(62%	vs.	38%	[42]),	a	doubled	bowel	
frequency	[44],	anal	blood	loss	(11%	vs.	3%	[43])	and	impaired	sexual	functioning	[45].		
	 In	the	Polish	trial,	comparing	SCRT	to	CRT,	treatment	related	early	toxicity	grade	3	
and	4	was	significantly	lower	in	the	SCRT	group	(3%	vs.	18%	[17]).	In	the	German	trial,	
comparing	pre-	to	post-operative	CRT,	grade	3-4	late	toxicity,	such	as	chronic	diarrhea	
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and	small	bowel	obstruction,	was	lower	in	the	pre-operative	arm	(14%	vs.	24%	[10]).	
	 The	major	organ	at	risk	in	RT	of	rectal	cancer	is	the	small	bowel.	The	volume	of	small	
bowel	 receiving	15	Gy	 can	be	used	 to	predict	 grade	3	acute	diarrhea	 [46],	while	 the	
volume	receiving	45	and	50	Gy	is	predictive	for	late	toxicity	such	as	bowel	obstruction	
and	strictures	requiring	surgery	[47,	48].	Several	measures	are	available	for	small	bowel	
dose	reduction,	such	as	 irradiating	with	a	 full	bladder,	using	more	conformal	delivery	
techniques	such	as	IMRT,	or	positioning	the	patient	on	a	belly	board	to	push	the	small	
bowel	away	from	the	high	dose	region.

Challenges and improvements in RT of rectal cancer
As	 described,	 neo-adjuvant	 short-	 and	 long-course	 RT	 are	 used	 to	 increase	 local	
control,	 but	 a	 relatively	 large	number	of	 patients	need	 to	be	 treated	 to	prevent	one	
local	recurrence	and	RT	is	associated	with	increased	acute-	and	late-toxicity.	The	current	
challenges	in	RT	therefore	comprise	of	better	selection	of	patients	who	will	benefit	and	
lowering	 the	dose	 to	 the	organs	at	 risk	while	maintaining	 the	 coverage	of	 the	actual	
microscopic	 spread.	 This	 thesis	 focuses	on	 the	definition	and	delineation	of	 the	CTV,	
on	the	geometrical	uncertainties	and	their	subsequent	PTV	margin,	and	on	anatomical	
measures	available	for	reducing	dose	to	the	organs	at	risk.
	 To	 start	 with	 the	 latter,	 a	 full	 bladder	 protocol,	 a	 belly	 board	 and	 IMRT	 can	 be	
used	 to	 reduce	 the	exposure	of	 small	 bowel.	 The	 clinical	 need	of	 using	 all	measures	
simultaneously	is	unknown.	In chapter 2	we	compare	supine,	prone	and	2	different	belly	
boards	in	the	context	of	a	full	bladder	protocol	and	IMRT	to	validate	whether	differences	
in	positioning	are	clinically	relevant.
	 Although	 IMRT	 has	 the	 ability	 to	 reduce	 the	 dose	 to	 the	 healthy	 tissue	 without	
compromising	the	PTV	coverage	[30,	31],	 the	technique	 is	not	yet	widely	used	for	RT	
of	 rectal	 cancer	 for	 several	 reasons.	 First	 of	 all,	 the	 very	 conformal	 delivery	 of	 dose	
to	 the	 shape	of	 the	 PTV	with	 IMRT	demands	 for	 accurate	 definition	of	 the	CTV,	 and	
adequate	estimation	of	the	PTV	margin.	A	significant	underestimation	of	the	CTV	or	the	
PTV	margin	will	result	in	a	significant	risk	of	under	dosage	with	IMRT	compared	to	less	
conformal	techniques.	Secondly,	surgery	is	still	regarded	as	the	mainstay	in	rectal	cancer.	
Introduction	of	IMRT	in	clinical	practice	is	therefore	more	focused	to	tumor	areas	where	
RT	is	considered	as	the	main	treatment.
	 The	first	step	to	improve	was	the	delineation	of	the	CTV.	There	is	an	evidence	based	
delineation	atlas	defining	what	 should	be	delineated	as	CTV	 [27],	 but	 no	 studies	 are	
available	that	measured	the	reproducibility	of	CTV	delineation	among	different	radiation	
oncologists.	In	chapters 3 and 4	two	studies	on	measuring	and	minimizing	delineation	
variation	in	rectal	cancer	are	presented.	
	 Besides	 the	 variation	 in	 CTV	 delineation	 there	 is	 the	 CTV	 definition	 itself.	 In	 the	
evidence	 based	 delineation	 atlas	 [27],	 CTV	 definitions	 are	 differentiated	 for	 tumor	
location	only,	irrespective	of	TNM	stage	and	possible	involvement	of	the	MRF,	both	well	
known	factors	 for	the	development	of	LR.	 In	chapter 5	we	explored	the	possibility	 to	
further	differentiate	 the	CTV	definition	by	 incorporating	 these	prognostic	 factors.	 For	
this	study,	a	3D	analysis	of	the	local	recurrences	of	the	Dutch	TME	trial	was	performed.
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	 When	the	CTV	is	defined	and	delineated,	a	proper	PTV	margin	should	be	added	to	
cover	uncertainties	in	setup	variation,	delineation	variation	and	CTV	shape	variation.	Of	
the	3	error	sources,	setup	variation	has	been	studied	the	most,	but	it	is	also	the	least	
significant	and	easiest	 to	minimize	using	online	or	offline	setup	correction.	For	shape	
variation	of	the	CTV	there	is	almost	no	data	available.	Only	Nuyttens	et	al.	[49]	described	
the	 variation	 of	 the	 anterior	 border	 of	 the	 CTV	 in	 ten,	mostly	 post-operative,	 rectal	
cancer	patients	based	on	repeat	CT	data.	Variation	in	the	order	of	1.0	cm	SD	indicated	
that	shape	variation	is	a	major	geometric	uncertainty,	and	thus	is	important	for	the	PTV	
margin.	In	chapters 6 to 8	more	extensive	3D	analysis	of	shape	variation	are	described.	
In chapters 6 and 7	the	mesorectal	part	of	the	CTV	for	early	stage	rectal	cancer	patients	
is	analyzed	 retrospectively,	based	on	available	 cone-beam	CT	 (CBCT)	data.	 In	chapter 
8	prospective	repeat	CT	data	for	is	used	to	describe	the	full	3D	shape	variation	for	the	
entire	CTV	for	both	early-	and	advanced	stage	rectal	cancer.	
	 Translation	of	the	shape	variation	 into	a	proper	PTV	margin	 is	not	obvious,	as	the	
well	known	margin	recipes	by	Stroom	et	al.	[50]	and	van	Herk	et	al.	[29]	are	both	only	
applicable	 for	 rigid	 structures.	 In	 chapter 8	 we	 described	 and	 validated	 a	 pragmatic	
approach	to	translate	CTV	shape	variation	into	a	PTV	margin.
	 Finally	there	is	the	option	to	reduce	required	PTV	margins	by	estimating	the	shape	
variation	errors	early	during	treatment	and	adapting	the	treatment	plan	accordingly.	The	
possible	margin	reduction	with	this	adaptive	RT	methodology	and	 its	effect	on	bowel	
dose	was	 described	 in	 chapter 9	 based	 on	 the	 repeat	 CT	 data	 from	 advanced	 rectal	
cancer	patients.
	 The	thesis	 is	concluded	with	a	general	discussion	(chapter 10)	and	an	English	and	
Dutch	summary.
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Chapter 2

Abstract

Purpose
To	 investigate	 bowel	 exposure	 using	 prone,	 supine,	 or	 two	 different	 belly	 boards	 for	
rectal	cancer	intensity	modulated	RT	plans	using	a	full	bladder	protocol.

Material and methods
For	11	volunteers	four	MR	scans	were	acquired,	on	a	flat	table	in	prone,	supine,	and	on	
two	different	belly	boards	(IT-V	Medizintechnik	GmbH	(BB1)	and	CIVCO	(BB2)),	using	a	
full	bladder	protocol.	On	each	scan	a	25	x	2	Gy	IMRT	plan	was	calculated.

Results
BB2	 led	 to	 an	 average	 bowel	 area	 volume	 reduction	 of	 20–30%	 at	 any	 dose	 level	
compared	to	prone.	BB1	showed	a	smaller	dose	reduction	effect,	while	no	differences	
between	prone	and	supine	were	found.	Differences	between	BB2	and	prone,	supine	or	
BB1	were	significant	up	to	a	 level	of	respectively,	45,	35,	and	30	Gy,	respectively.	The	
reducing	effect	varied	among	individuals,	except	for	the	50	Gy	regions,	where	no	effect	
was	found.	An	increase	in	bladder	volume	of	100	cc	led	to	a	significant	bowel	area	V15	
reduction	of	16%	independent	of	scan	type.

Conclusions
In	 the	 low	and	 intermediate	dose	 region	 a	belly	 board	 still	 attributes	 to	 a	 significant	
bowel	dose	 reduction	when	using	 IMRT	and	a	 full	bladder	protocol.	A	 larger	bladder	
volume	resulted	in	a	significant	decreased	bowel	area	dose.
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Introduction
The	standard	of	care	for	primary	resectable	rectal	cancer	has	evolved	to	total	mesorectal	
excision	 (TME)	 surgery	mostly	 in	 combination	 with	 pre-operative	 (chemo-)	 radiation	
[1–5].	This	treatment	is	associated	with	acute	and	late	gastro-intestinal	toxicity,	such	as	
diarrhea,	faecal	incontinence	and	late	small	bowel	obstruction	requiring	surgery	[6–16].	
The	occurrence	of	diarrhea	and	small	bowel	obstruction	is	primarily	dependent	on	the	
dose	and	volume	parameters	of	the	small	bowel.	
	 Baglan	 et	 al.	 [12]	 showed	 that	 a	 cut-off	 at	 150	 cc	 of	 small	 bowel	 receiving	more	
than	15	Gy	divided	a	group	of	40	patients	into	0%	and	50%	chance	of	developing	acute	
grade	3	diarrhea.	This	was	later	confirmed	in	a	larger	study	by	Robertson	et	al.	[13],	who	
showed	that	a	cut-off	point	of	120	cc	and	15	Gy	divided	the	group	into	9%	vs.	38%	risk	
of	developing	grade	3	diarrhea.	Gallagher	et	al.	[14]	found	a	critical	level	of	45	Gy	to	78	
cc	and	50	Gy	to	17	cc	of	the	small	bowel	predictive	for	late	toxicity	in	post-operative	RT.	
Letschert	et	al.	 [15]	showed	afterward,	at	a	dose	range	of	45–50	Gy,	that	 if	 the	small	
bowel	volume	is	increased	by	a	factor	of	2,	then	a	total	dose	reduction	of	17%	is	required	
for	the	same	complication	rate.	
	 Full	bladder	protocols,	prone	positioning,	and	belly	boards	have	been	used	to	reduce	
the	volume	of	small	bowel	in	the	radiation	field	by	pushing	the	small	bowel	away	from	
the	high	dose	 region	 [17–22].	A	disadvantage	of	 full	 bladder	 instructions	 is	 the	 large	
day-to-day	 variation	 of	 the	 bladder	 volume	 [23].	 This	 can	 potentially	 lead	 to	 large	
systematic	 differences	 between	planned	 and	 delivered	 dose	 to	 the	 small	 bowel.	 The	
downside	of	treating	patients	in	prone	position	is	that	compared	to	supine,	the	setup	is	
less	reproducible	between	and	during	fractions	[20,	24].	This	can	be	partly	compensated	
by	online	setup	correction	or	by	an	increase	of	the	PTV	margin.	The	latter,	however,	will	
reduce	the	benefit	of	prone	positioning	on	the	small-bowel	dose.	Besides	the	described	
anatomy	 based	 steps	 to	 spare	 organs	 at	 risk,	modern	 treatment	 delivery	 techniques	
such	as	intensity	modulated	radiotherapy	(IMRT)	can	be	used	to	create	more	conformal	
treatment	plans,	also	reducing	the	dose	to	the	small	bowel	[25–27].	
	 Several	 planning	 studies	 have	 shown	 the	 benefit	 of	 a	 belly	 board	 in	 terms	 of	
small	bowel	exposure	 [17–19].	 In	 these	studies	 the	effect	of	belly	board	and	bladder	
distension	has	not	been	tested	separately	in	the	same	subjects,	while	these	factors	are	
largely	dependent	of	each	other.	Also	patients	in	pre-	and	post-operative	setting	were	
compared.	Only	Kim	et	al.	 [22]	 compared	prone	on	a	flat	 table	with	usage	of	a	belly	
board	in	the	same	subjects,	while	having	an	empty	bladder,	but	they	also	stated	that	an	
empty	bladder	is	clinically	not	feasible	to	use.	Furthermore,	the	use	of	IMRT	and	a	full	
bladder	protocol	has	never	extensively	tested.	
	 The	aim	of	this	study	was	to	compare	bowel	exposure	when	using	prone,	supine,	or	
two	different	belly	boards	for	rectal	cancer	IMRT	plans	with	a	full	bladder	protocol.	In	
order	to	establish	comparable	data	a	planning	study	was	performed	based	on	multi-MR	
scans	of	healthy	volunteers.
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Material and methods
Volunteer selection and scanning positions 
Since	acquiring	multiple	scans	is	a	big	burden	for	any	patient	in	terms	of	time	and	dose,	
we	 decided	 to	 obtain	 scans	 of	 healthy	 volunteers.	 The	 use	 of	 volunteers	 obviously	
demanded	for	MR-scans	instead	of	CT-scans,	due	to	imaging	dose.	
	 Eleven	healthy	 volunteers	of	 the	RT	department	were	asked	 to	participate	 in	 this	
study.	Each	volunteer	was	scanned	with	four	different	scan	types,	being:	(1)	supine	on	
a	 flat	 table	 (supine),	 (2)	 prone	on	 a	 flat	 table	 (prone),	 (3)	 prone	on	 a	BellyStep	 (IT-V	
Medizintechnik	GmbH,	Innsbruck,	Austria)	belly	board	(BB1),	and	(4)	prone	on	a	Perspex	
copy	of	a	Contoura	 (CIVCO	medical	solutions,	Orange	City,	 Iowa)	belly	board	 (BB2).	A	
Perspex	copy	was	made	because	it	was	uncertain	at	that	time	if	the	belly	board	was	MR	
compatible.

MR scans
In	accordance	to	clinical	protocols,	all	volunteers	were	instructed	to	empty	the	bladder	
and	drink	350	ml	of	water	1	h	prior	to	the	scans.	All	four	MR	scans	per	volunteer	were	
taken	on	a	Philips	Achieva	3T	machine	(Philips	Medical	Systems,	Best,	The	Netherlands)	
in	one	session,	as	fast	as	possible.	To	minimize	the	effect	of	urinary	inflow	on	the	study,	
the	 order	 of	 the	 four	 scans	 was	 randomized	 per	 volunteer.	 To	 establish	 an	 optimal	
balance	between	scan	speed	and	image	quality,	T1	weighted	MR	images	were	acquired.	
Because	of	the	height	of	BB1	it	was	physically	not	possible	to	use	a	body	coil	to	improve	
the	image	quality.	Therefore	none	of	the	four	scans	were	performed	with	a	body	coil.	
The	scans	in	prone	position	were	acquired	using	a	rotated	knee	support	(CIVCO	medical	
solutions,	 Orange	 City,	 Iowa)	 as	 ankle	 support	 to	 increase	 comfort	 and	 stability.	 The	
forehead	was	positioned	on	a	specially	designed	head	pillow	(Pron	Pillo,	CIVCO	medical	
solutions,	Orange	City,	 Iowa),	with	a	 cut	out	aperture	and	 support	 for	 the	 shoulders.	
During	the	supine	scans	only	the	knee	support	was	used.	For	the	scans	on	BB1	and	BB2	
the	volunteer	position	with	respect	to	the	aperture	of	the	belly	board	was	checked	on	
the	scout	view.	Repositioning	was	performed	if	necessary.	All	scans	were	taken	by	the	
same	team	of	technologists.
	 Each	 scan	 was	 taken	 from	 the	 L2–L3	 junction	 to	 the	 perineum	 with	 5	 mm	 slice	
spacing.

Treatment plans
For	each	scan	a	clinical	target	volume	(CTV)	was	delineated.	The	CTV	encompassed	the	
mesorectal	fat,	pre-sacral	lymph	nodes,	and	the	lymph	node	regions	along	the	internal	
iliac	 arteries,	 superior	 rectal	 artery,	 and	 internal	 obturator	 vessels.	 The	 bladder	 and	
bowel	 area	were	delineated	and	used	as	organs	at	 risk.	 The	bowel	 area	was	defined	
as	the	abdominal	region	encompassing	the	small	bowel	and	colon,	excluding	the	large	
vessels,	 uterus,	 and	bladder,	with	 the	 cranial	 border	 at	 3	 cm	 from	 the	CTV.	All	 CTV’s	
were	delineated	by	one	observer	(B.D.)	and	approved	by	a	radiation	oncologist	(C.M.).	A	
uniform	CTV	to	PTV	margin	of	10	mm	was	used	for	all	scans.	An	example	of	the	delineated	
volumes	for	one	volunteer	can	be	found	in	Fig.	2.1.	
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	 Subsequently,	for	each	scan	an	external	contour	was	generated.	The	volume	inside	
this	contour	was	assigned	with	water	equivalent	Hounsfield	units	for	dose	calculation	on	
the	MR	images.	
	 For	each	scan	a	7-field	IMRT	plan	of	25	x	2	Gy	was	calculated	using	Pinnacle	(Philips	
Medical	Systems,	Eindhoven,	The	Netherlands	version	8.0	h).	Plans	were	optimized	using	
direct	machine	parameter	optimization	 (DMPO)	with	a	maximum	of	35	segments,	10	
and/or	18	MV,	a	minimum	field	size	of	25	cm2	and	a	minimum	of	4	MU	per	segment,	
which	is	daily	practice	in	our	clinic.	For	prone,	BB1,	and	BB2	field	angles	of	0	°,	50°,	100°,	
150°,	210°,	260°,	and	310°	were	used,	while	for	supine	the	field	angles	were	mirrored.	For	
the	sparing	of	the	bowel	area	two	maximum	equivalent	uniform	dose	(EUD)	constraints	
were	used	at	a	dose	level	of	28	and	17.5	Gy	with	an	α	of	7	and	1	and	a	weight	of	10	and	
5,	respectively.	These	constraints	were	optimized	per	volunteer	if	possible.	
	 All	 treatment	 plans	 had	 to	 satisfy	 ICRU-62	 conditions,	 such	 that	 99%	 of	 the	 PTV	
volume	receives	at	least	95%	of	the	prescribed	dose	of	50	Gy.	Hot	spots	up	to	107%	of	
the	prescribed	dose	were	 allowed.	Besides	 comparable	PTV	doses	 for	 all	 scan	 types,	
treatment	plans	were	also	kept	similar	by	putting	constraints	on	the	dose	to	the	body	
outside	the	bowel	area.	Doing	so,	scan	type	differences	only	affected	the	dose	 in	the	
bowel	area,	and	treatments	plans	were	assumed	to	be	clinically	acceptable	and	mutually	
comparable.	

Scan type comparison and statistical analysis
Although	the	scanning	order	was	randomized,	and	the	average	bladder	volume	was	not	
statistically	different	between	the	different	scan	types,	large	intra-volunteer	differences	
in	bladder	volume	were	present	(see	Results).	To	take	both	the	bladder	volume	effect	
and	scan	type	effect	 into	account,	a	mixed	effects	model	was	constructed	with	bowel	
area	volume	dose	in	steps	of	5	Gy	as	outcome.	In	the	model	a	square-root	transform	was	
applied	 to	 the	outcome	data,	 to	ensure	normally	distributed	residuals.	All	 results	are	
presented	back-transformed	into	the	original	scale.	To	fit	the	shape	of	the	bowel	area	
dose	volume	histograms	a	cubic	polynomial	was	used	in	the	model.	The	fixed	effects	in	
the	model	are	scan	type,	interaction	between	scan	type	and	bowel	area	dose,	and	the	
volume	of	the	bladder	in	the	scans.	Intra-volunteer	correlation	in	the	data	was	accounted	
for	by	including	random	effects,	one	for	each	fixed	effect.	
	 Scan	type	effect	was	analyzed	by	estimation	of	the	bowel	area	dose	using	the	mixed	
effects	model	with	a	fixed	bladder	volume	equal	to	the	average	of	the	first	scans	for	all	
patients.	The	average	volume	of	the	first	scans	was	used,	since	the	first	scan	was	made	1	
h	after	voiding	and	drinking,	similar	to	our	clinical	protocol.	
	 The	 separate	 influence	 of	 bladder	 filling	 on	 bowel	 area	 dose	 was	 evaluated	 by	
estimating	the	bowel	area	volume	receiving	15	Gy	(V15)	at	different	bladder	volumes	
ranging	from	100	to	400	cc	for	each	scan	type	with	the	mixed	effects	model.	
	 The	 level	 of	 significance	 for	 all	 comparisons	 was	 chosen	 at	 p	 <	 0.05.	 The	mixed	
effects	model	was	constructed	using	R	(version	2.10.1;	The	R	Foundation	for	Statistical	
Computing).
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Fig. 2.1:	Transversal	(left)	and	sagittal	(right)	example	of	a	female	volunteer	in	supine	(top)	
prone	(second),	BB1	(third),	and	on	BB2	(Bottom)	with	the	PTV	(thick	white),bladder	(thick	
yellow)	bowel	area	(thick	pink)	and	the	planned	isodose	lines	of	15,	30,	47.5,	and	50	Gy	in	
blue,	lime,	orange,	and	red,	respectively.
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Results
MR scans
The	four	different	scans	were	acquired	for	4	male	and	7	female	volunteers.	The	scanning	
sessions	per	 volunteer	 took	on	average	46	min	 from	 the	first	 to	 the	 last	 scan	 (range	
40–54	min).	For	six	BB2	scans	the	volunteer	was	repositioned	based	on	the	scout	view	
and	for	one	scan	the	volunteer	was	repositioned	and	rescanned	after	immediate	scan	
evaluation.	On	average	the	prone	and	supine	scans	took	10	min	including	setup,	while	
the	belly	board	scans	needed	on	average	12	min.	
	 Although	the	setup	was	checked	for	each	scan	type	on	the	scout	view,	two	of	the	
female	 volunteers	were	 retrospectively	 determined	 to	be	positioned	 too	 far	 caudally	
on	the	BB2	scan.	Despite	this	suboptimal	volunteer	position,	all	scans	were	taken	into	
account	in	the	evaluation	in	order	to	adhere	to	the	intention	to	treat	principle.

Fig. 2.2:	Cumulative	bowel	area	dose	volume	histograms	for	each	volunteer	and	each	orientation.	The	original	
data	are	represented	by	the	symbols,	the	mixed	effects	model	fits	by	the	smooth	lines.	On	the	left	y-axis	the	
bowel	area	volume	(cc)	is	shown,	on	the	right	y-axis	the	bladder	volumes	(cc)	are	shown	in	the	same	scale.	The	
bladder	volume	for	M1	using	BB2	was	684	cc.
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Organ at risk volumes 
The	average	bladder	volumes	were	274	(114),	288	(132),	291	(138),	and	324	(139)	cc	
(1SD)	for	supine,	prone,	BB1,	and	BB2,	respectively.	There	was	a	large	variation	in	urinary	
inflow	between	the	volunteers,	with	an	average	of	4.4	cc	per	min	and	a	range	of	0.7–10.7	
cc	per	min.
	 The	average	delineated	bowel	area	volumes	were	460	(226),	464	(217),	389	(204),	
and	363	(206)	cc	(1SD)	for	supine,	prone,	BB1,	and	BB2,	respectively.	None	of	the	average	
volumes	were	significantly	different	between	the	scan	types.	

Treatment plans
Clinically	 acceptable	 plans	 could	 be	 achieved	 for	 all	 volunteers	 and	 for	 all	 treatment	
positions	(Fig.	2.1).	The	differences	in	organ	at	risk	position	and	volume	mainly	led	to	
variation	in	low	dose	distribution.

Fig. 2.3:	Predicted	bowel	area	dose	volume	histograms	 for	each	volunteer	and	each	orientation	when	 the	
bladder	volume	is	fixed	to	216	cc	(average	of	the	first	scan	over	all	volunteers)	in	the	mixed	effects	model.
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Dose to the bowel area
The	 bowel	 area	 dose	 volume	 histograms	 were	 calculated	 in	 steps	 of	 5	 Gy	 for	 each	
volunteer	 and	 each	 of	 the	 four	 scans	 (Fig.	 2.2).	 The	 DVH	 estimates	 using	 the	mixed	
effects	model	are	shown	by	the	smooth	 lines.	All	accompanying	bladder	volumes	per	
volunteer	are	shown	on	the	right	y-axis.	Note	the	large	variation	in	bowel	area	exposure	
and	bladder	filling	between	the	volunteers.	
	 The	mixed	effects	model	was	used	to	present	the	data	for	each	volunteer	corrected	
for	bladder	volume	differences	(Fig.	2.3).	For	each	subject	and	scan	type	the	DVH	was	
estimated	with	a	fixed	bladder	volume	of	216	cc.	The	overall	effect	was	summarized	by	
the	estimated	dose	volume	numbers	for	each	scan	type	averaged	over	the	volunteers	
(Table	2.1).	No	significant	differences	between	prone	and	supine	were	found.	With	BB1	
significantly	lower	bowel	area	exposure	was	reached	compared	to	prone	and	supine	in	
the	lower	dose	regions	up	to	30	and	20	Gy,	respectively.	BB2	outperformed	all	other	scan	
types.	Differences	between	BB2	and	prone,	supine	or	BB1	were	significant	up	to	a	level	
of	respectively,	45,	35,	and	30	Gy.	At	higher	dose	levels	differences	were	small	and	not	
significant.
	 The	effect	of	bladder	volume	changes	on	bowel	area	V15	was	estimated	for	each	scan	
type	(Fig.	2.4).	As	expected,	with	an	increase	in	bladder	volume	a	decrease	in	bowel	area	
volume	exposure	was	found	(p	<	0.0001),	independent	of	scan	type.	The	modelled	effect	
of	scan	type	on	the	V15	can	be	appreciated	by	the	distance	between	the	lines.	There	
were	no	significant	differences	between	the	slopes	of	the	different	lines,	indicating	that	
bladder	volume	increase	up	to	a	level	of	400	cc	has	the	same	relative	effect	for	all	scan	
types.	

Fig. 2.4:	 Estimated	average	bowel	area	volume	 receiving	15	Gy	 (V15)	 for	
each	orientation	when	having	different	bladder	volumes.
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Discussion
To	the	best	of	our	knowledge	this	 is	the	first	study	to	compare	bowel	exposure	using	
prone,	supine	and	belly	board	scans	in	the	context	of	IMRT	and	a	full	bladder	protocol	for	
rectal	cancer	RT.	Belly	board	2	outperformed	the	other	scan	types	by	having	statistically	
significant	 lower	 doses	 to	 the	 bowel	 area	 in	 the	 low	 and	 intermediate	 dose	 region.	
Positioning	with	 respect	 to	 the	 compression	 verge	 of	 this	 belly	 board	was,	 however,	
challenging	and	had	to	be	corrected	on	multiple	occasions.	

Scan type effect on bowel area exposure
Both	belly	boards	had	a	statistically	significant	effect	on	the	bowel	area	exposure	in	the	
low	and	intermediate	dose	regions	(Table	2.1).	The	V15,	for	example,	reduced	from	218	
to	178	cc	and	144	cc	when	comparing	prone	with	BB1	and	BB2,	respectively.	The	effect	
of	the	belly	boards	varied	among	the	different	volunteers	(Fig.	2.3),	where	for	example	
a	minimal	effect	was	found	for	F1,	F3,	F5,	and	M4,	and	a	large	effect	was	found	for	F4,	
M1,	M2,	and	M3.	In	the	high	dose	regions,	above	35	Gy	for	BB1	and	above	45	Gy	for	BB2,	
differences	with	prone	were	small	and	not	significant.	This	lack	of	effect	in	the	high	dose	
region	was	due	to	the	overlap	between	the	PTV	and	the	bowel	area,	which	was	similar	
for	all	scan	types	(not	shown).	
	 The	 significant	 difference	 between	 both	 belly	 boards	 can	 be	 explained	 by	 the	
difference	 in	 compression.	 Some	 volunteers	 indicated	 that	 because	 of	 the	 small	
compression	verge,	BB2	was	uncomfortable	to	lie	on,	especially	in	combination	with	a	
full	bladder.	BB1	had	a	broader	compression	verge	and	was	therefore	considered	to	be	
more	comfortable.	
	 The	 advantage	 on	 small	 bowel	 dose	 with	 a	 belly	 board	 in	 an	 IMRT	 setting	 was	
previously	shown	by	Kim	et	al.	[22]	comparing	prone	on	a	flat	table	with	a	belly	board.	

Table 2.1:	The	estimated	bowel	area	volumes	(cc)	for	different	dose	levels.	These	bowel	area	volumes	are	averaged	
estimates	over	all	volunteers	at	a	bladder	volume	equal	to	216cc.	Volume	differences	are	all	absolute	differences	
with	respect	to	Prone.	Differences	between	the	orientations	were	tested	using	a	2-tailed	pairwise	comparison	
(*	p	<	0.05;	**	p	<	0.01;	***	p	<	0.0001).

Prone Supine BB1 BB2
Dose
(Gy)

Bowel 
Vol. (cc)

Bowel 
Vol. diff.

Signif.
Prone

Bowel 
Vol. diff

Signif.
Prone

Signif.
Supine

Bowel 
Vol. diff

Signif.
Prone

Signif.
Supine

Signif.
BB1

5 400 -5 -69 * * -127 *** ** *
10 286 -4 -51 * * -96 *** ** *
15 218 -4 -40 * * -74 *** ** *
20 176 -4 -31 * * -59 *** ** *
25 149 -4 -24 * -47 *** ** *
30 128 -3 -18 * -36 ** * *
35 109 -3 -13 -27 ** *
40 87 -3 -8 -19 *
45 59 -3 -4 -10 *
50 28 -1 0 -3
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They	 found	 significant	 small	 bowel	 volume	 reduction	 at	 dose	 levels	 between	10	 and	
50	Gy,	with	 relatively	 increasing	effect	with	 increasing	dose	 levels.	We	did	not	find	a	
significant	effect	at	50	Gy	and	also	the	relative	belly	board	effect	reduced	with	increasing	
dose.	In	their	study	an	empty	bladder	protocol	was	used	with	average	bladder	volumes	
of	120	cc,	which	is	significantly	less	compared	to	our	study.	As	a	consequence,	they	also	
reported	much	higher	absolute	small	bowel	DVH’s,	such	as	V15	prone	304	cc	and	V15	BB	
250	cc.	These	differences	hamper	the	comparability	between	both	studies.	
	 There	was	no	difference	in	bowel	area	exposure	between	prone	and	supine	(Table	
2.1),	which	is	in	accordance	with	Drzymala	et	al.	[28].	Many	centers,	however,	still	treat	
patients	 in	prone	position	on	a	flat	table	in	order	to	reduce	bowel	dose.	Since	supine	
daily	setup	is	more	reproducible	[20,	21,	28],	and	patients	find	it	more	comfortable,	we	
suggest	to	use	supine	positioning	when	no	belly	board	is	used.

Scan acquisition
Setup	of	the	volunteers	on	the	belly	boards	was	not	obvious.	As	mentioned	earlier,	some	
volunteers	indicated	that	BB2	was	uncomfortable	to	lie	on,	due	to	the	pressure	on	the	
lower	abdomen.	Furthermore,	belly	boards	were	initially	developed	for	gynaecological	
RT,	which	resulted	in	our	study	in	discomfort	for	the	male	volunteers.	Adaptation	to	male	
anatomy	might	help	to	partly	improve	comfort.	
	 For	9	of	the	11	BB2	scans,	repositioning	was,	or	should	have	been	done	to	establish	
the	 intended	 position	 on	 the	 belly	 board.	 Repositioning	was	 needed	 throughout	 the	
study,	showing	that	a	learning	curve	of	11	volunteers	was	not	enough	to	overcome	setup	
problems	on	this	belly	board.	The	position	of	the	patient/volunteer	with	respect	to	the	
belly	board	was	shown	to	be	important	by	Koelbl	et	al.	[29].	They	showed	a	significant	
change	in	small	bowel	exposure	when	comparing	different	patient	positions	with	respect	
to	the	belly	board	aperture.	Note	that	their	results	were	based	on	conformal	treatment	
fields	and	a	post-operative	treatment	setting.	
	 Several	 studies	 have	 shown	 that	 reproducibility	 of	 bony	 anatomy	 setup	 during	
treatment	is	worse	when	using	a	belly	board	[20,	21,	28].	This	reduction	in	reproducibility	
can	be	diminished	by	online	setup	correction	protocols.

Bladder volume and effect
Due	 to	 randomization	of	 the	 scan	order,	no	 significant	differences	 in	bladder	 volume	
were	present	between	the	scan	types,	minimizing	a	bias	due	to	bladder	filling	on	the	
comparison.	The	large	variation	in	bladder	volumes	shows	that	even	in	healthy	volunteers	
inter-individual	variation	is	a	significant	problem	when	using	a	full	bladder	protocol	[21,	
23,	24].	Still,	we	demonstrated	that	usage	of	the	full	bladder	protocol	is	very	important	
(Fig.	2.4),	with	a	100	cc	increase	of	the	bladder	volume	resulting	in	a	statistically	significant	
reduction	of	the	bowel	area	V15	of	approximately	16%	independent	of	the	scan	type.	
Kim	et	al.	[21]	showed,	in	a	study	comparing	the	effect	of	a	belly	board	and	the	effect	of	a	
distended	bladder	separately,	that	small	bowel	exposure	is	more	effectively	reduced	by	a	
full	bladder	compared	to	the	use	of	a	belly	board.	In	their	study	conventional	treatment	
plans	and	much	larger	volumes	to	drink	were	used.
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Effects on expected toxicity
In	the	current	study	bowel	area	 is	delineated,	 instead	of	small	and	 large	bowel	 loops	
separately.	 This	 was	 done	 because	 of	 the	 image	 quality,	 which	 was	 hampered	 by	
compromising	 between	 scan	 speed	 and	 quality	 and	 also	 by	 the	 lack	 of	 oral	 bowel	
contrast.	 Gunnlaugsson	 et	 al.	 [30]	 demonstrated,	 in	 a	 study	 comparing	 scan	 types	
between	 patients,	 that	 acute	 toxicity	 could	 only	 be	 correlated	with	 the	 exposure	 to	
absolute	volume	of	the	small	bowel,	and	not	with	large	bowel	or	the	bowel	area.	Also	
acute	toxicity	cut	off	values	from	Baglan	et	al.	[12]	and	Robertson	et	al.	[13]	are	based	
on	dose	to	the	small	bowel.	Translation	of	bowel	area	volume	to	small	bowel	volume	
is	not	easily	done,	since	large	anatomic	differences	between	volunteers	exist	(Fig.	2.3).	
In	a	recent	study	on	the	possibilities	to	reduce	the	CTV	[31]	we	have	delineated	small	
bowel	and	bowel	area	separately	in	a	dataset	of	eight	patients	which	were	scanned	with	
small	bowel	contrast.	 In	this	dataset	the	percentage	of	bowel	area	volume	which	was	
actually	small	bowel	ranged	from	11%	to	48%.	In	that	study	IMRT	plans	were	calculated	
in	which	the	small	bowel	volume	receiving	a	certain	dose	was	on	average	30%	of	bowel	
area	volume	receiving	that	same	dose.	A	rough	translation	from	bowel	area	volume	to	
small	bowel	 volume	would	 therefore	be	a	division	by	a	 factor	between	2	and	3.	 The	
maximum	bowel	 area	V15,	 V45,	 and	V50,	which	were	 218,	 59,	 and	 28	 cc	 for	 prone,	
could	therefore	be	estimated	to	a	small	bowel	 	V15,	V45,	and	V50	range	between	73	
and	109,	20	and	25,	and	9	and	14	cc.	With	the	use	of	IMRT	the	average	V15	for	prone	
is	therefore	lower	than	the	cut-off	points	for	acute	toxicity	from	Baglan	et	al.	[12]	(150	
cc)	and	Robertson	et	al.	[13]	(120	cc).	Also	late	toxicity	cut-off	points	78	cc	V45	and	17	
cc	V50	[14,	15]	were	therefore	on	average	not	reached	using	IMRT	and	prone.	Due	to	
the	 large	 variation	 in	 bowel	 area	 exposure	 between	 volunteers	 (Fig.	 2.3),	 usage	 of	 a	
belly	board	to	lower	the	bowel	dose	below	the	cut-off	points	might	be	more	effective	
in	an	 individualized	 treatment	 setting.	We	 therefore	 suggest	using	 the	belly	board	as	
an	option	when	unacceptable	 small	 bowel	exposure	 is	 found	during	planning	on,	 for	
example,	a	supine	scan.	Patients	who	are	already	within	tolerance	limits	would	therefore	
not	be	subjected	to	a	less	reproducible	[20,	21,	28]	and	comfortable	belly	board,	while	
others	can	benefit	significantly	 from	the	belly	board.	This	approach	would	have	been	
effective	within	the	current	study,	except	for	volunteer	F5	(Fig.	2.3),	where	a	relatively	
large	bowel	exposure	did	not	benefit	from	the	belly	board	at	all.

Limitations of the study
In	our	study	we	simulated	IMRT	plans	for	rectal	cancer	on	multiple	MR	scans	of	healthy	
volunteers,	instead	of	real	patients.	We	have	shown	that	there	was	a	statically	significant	
difference	in	bowel	exposure	in	the	low	and	intermediate	dose	regions,	which	is	located	
at	 a	 distance	 from	 the	 CTV	 itself.	We	 therefore	 assume	 that	 results	 acquired	 in	 the	
current	volunteer	study	will	also	be	applicable	for	patients,	in	which	we	speculate	that	
the	presence	of	a	tumor	mainly	influences	the	anatomy	within	the	CTV	or	PTV.	
	 The	aim	of	this	study	was	to	compare	the	effect	of	prone,	supine,	BB1,	and	BB2	on	
bowel	exposure	 in	 IMRT	plans	for	rectal	cancer.	To	get	a	fair	comparison	we	acquired	
all	 four	scans	within	each	 individual,	where	the	scanning	order	was	randomized.	Due	
to	 image	 quality,	 the	 bowel	 area	 was	 delineated,	 instead	 of	 the	 small	 bowel	 loops	
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separately	 for	which	 the	exposure	 is	known	 to	be	more	predictive	 for	acute	and	 late	
toxicity	[12–15].	
	 The	 bladder	 volumes	 for	 the	 different	 scans	 within	 each	 individual	 were	 not	
constant,	 due	 to	 the	physiological	 process	 of	 bladder	 filling.	 To	 separate	 the	bladder	
filling	effect	from	the	scanning	procedure	effect	a	mixed	effects	model	was	used.	The	
mixed	effects	model	is	only	applicable	for	the	bladder	volumes	which	occurred	in	this	
study.	Extrapolation	to	larger	or	smaller	volumes	is	not	allowed.

Conclusions
In	 the	presence	of	 bowel	 dose	 reducing	options	 as	 IMRT	and	a	 full	 bladder	protocol	
the	usage	of	a	belly	board	still	has	a	significant	additional	value.	With	BB2	a	significant	
reduction	of	dose	to	the	bowel	area	was	established	up	to	an	intermediate	dose	level	
of	 30,	 35,	 and	 45	 Gy	 compared	 to	 BB1,	 supine,	 and	 prone,	 respectively.	 In	 the	 high	
dose	region	no	difference	between	the	scanning	positions	was	present.	On	the	other	
hand,	the	setup	on	BB2	had	to	be	repeated	multiple	times	for	correct	positioning	on	the	
aperture.	 Large	 inter-volunteer	variation	 from	almost	no	belly	board	effect	 to	a	 large	
effect	on	bowel	area	exposure	indicated	that	the	use	of	a	belly	board	should	be	on	an	
individual	 basis	 for	more	 clinical	 effectiveness.	 There	was	 no	 significant	 difference	 in	
bowel	area	dose	between	prone	and	supine,	making	supine	superior	to	prone	because	
of	 reproducibility	 and	 comfort.	 Important	 independent	 factor	was	 the	 volume	of	 the	
bladder,	where	a	larger	bladder	volume	resulted	in	a	significant	decreased	bowel	area	
dose.
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Abstract 

Purpose
Variations	 in	 target	 volume	delineation	 represent	 a	 significant	 hurdle	 in	 clinical	 trials	
involving	 conformal	 radiotherapy.	We	 sought	 to	 determine	 the	 effect	 of	 a	 consensus	
guideline-based	visual	atlas	on	contouring	the	target	volumes.

Material and methods
A	representative	case	was	contoured	(Scan	1)	by	14	physician	observers	and	a	reference	
expert	with	and	without	target	volume	delineation	instructions	derived	from	a	proposed	
rectal	 cancer	 clinical	 trial	 involving	 conformal	 radiotherapy.	 The	 gross	 tumor	 volume	
(GTV),	and	two	clinical	target	volumes	(CTVA,	including	the	internal	iliac,	presacral,	and	
perirectal	nodes,	and	CTVB,	which	 included	the	external	 iliac	nodes)	were	contoured.	
The	observers	were	randomly	assigned	to	receipt	(Group	A)	or	nonreceipt	(Group	B)	of	
a	consensus	guideline	and	atlas	for	anorectal	cancers	and	then	instructed	to	re-contour	
the	same	case/images	 (Scan	2).	Observer	variation	was	analyzed	volumetrically	using	
the	conformation	number	(CN,	where	CN	=	1	equals	total	agreement).

Results
Of	14	evaluable	contour	sets	(1	expert	and	7	Group	A	and	6	Group	B	observers),	greater	
agreement	was	found	for	the	GTV	(mean	CN,	0.75)	than	for	the	CTVs	(mean	CN,	0.46–
0.65).	Atlas	exposure	for	Group	A	led	to	significantly	increased	inter-observer	agreement	
for	CTVA	(mean	initial	CN,	0.68,	after	atlas	use,	0.76;	p=0.03)	and	increased	agreement	
with	the	expert	reference	(initial	mean	CN,	0.58;	after	atlas	use,	0.69;	p=0.02).	For	the	
GTV	and	CTVB,	neither	the	inter-observer	nor	the	expert	agreement	was	altered	after	
atlas	exposure.

Conclusions
Consensus	guideline	atlas	 implementation	resulted	in	a	detectable	difference	in	 inter-
observer	agreement	and	a	greater	approximation	of	expert	volumes	for	the	CTVA	but	
not	for	the	GTV	or	CTVB	in	the	specified	case.	Visual	atlas	inclusion	should	be	considered	
as	a	feature	in	future	clinical	trials	incorporating	conformal	RT.
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Introduction
Inter-observer	differences	 in	 target	volume	delineation	are	a	demonstrated	source	of	
potential	treatment	variability	in	the	context	of	clinical	trials	that	incorporate	conformal	
radiotherapy	 (RT)	 approaches	 [1,	 2].	 Recent	 publications	 have	 suggested	 that	 target	
delineation	consensus	documentation	is	highly	desirable	for	clinical	trials	[3]	and	that	
specific	 instructional	or	educational	 interventions	might	afford	a	measurable	effect	 in	
terms	of	physician	contouring	[4,	5].	
	 As	a	part	of	efforts	to	improve	RT	implementation	for	the	Southwest	Oncology	Group	
(SWOG)	 trials	 and	 consistent	 with	 its	 focus	 on	 quality	 improvement	 in	 cooperative	
studies,	 the	SWOG	Radiation	Oncology	Committee	authorized	 the	present	 study	as	a	
pilot	project	to	achieve	the	following	primary	specific	aims:	the	feasibility	of	centralized	
target	volume	delineation	evaluation	as	a	pre-trial	adjunct	to	a	SWOG-sponsored	study	
(SWOG	S0713),	and	the	determination	of	the	effect	of	implementation	of	a	consensus	
anatomic	atlas	on	target	volume	variability.

Material and methods
This	 prospective	 institutional	 review	 board-exempt	 study	 was	 conducted	 under	 the	
auspices	of	 the	University	of	Texas	Health	Science	Center	at	San	Antonio	 institutional	
review	board.	The	present	study	was	designed	as	a	double-blind,	randomized	hypothesis-
generating	pilot	study	(Fig.	3.1).	Statistical	power	for	agreement	analysis	was	estimated	
for	a	non–Bonferroni-corrected	paired-measures	Wilcoxon	test	 (assuming	a	minimum	
asymptotic	relative	efficiency	of	≥0.863	compared	with	a	paired	t	test),	with	a	specified	
1-β	of	0.7	and	α	of	≤0.05,	 resulting	 in	a	minimal	 requisite	sample	size	of	6	observers	
(radiation	oncologists)	per	group,	calculated	using	the	G*Power	3	statistical	software	[6].	
Goal	enrolment	was	10–12	observers	per	cohort.	

Fig. 3.1:	Study	design
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	 The	 participating	 radiation	 oncologists	 (observers)	 were	 recruited	 from	 SWOG-
participating	 institutions.	 Those	 who	 indicated	 interest	 were	 sent	 the	 study	
documentation,	which	 included	 a	 standardized	 case	 report,	 description	 of	 the	 target	
volumes	 to	be	 contoured,	 and	 a	 compact	 disc	 (CD)	 containing	 3-mm	axial	 computed	
tomography	 (CT)	 images	 derived	 from	 the	 Digital	 Imaging	 and	 Communications	 in	
Medicine	(DICOM)	file	of	the	standardized	case	study’s	simulation	CT	scan.	The	volumes	
were	to	be	contoured	twice	using	the	Big	Brother	target	delineation	software	program.	
‘‘Big	 Brother’’	 is	 a	 custom	 target	 volume	 delineation	 evaluation	 software	 platform	
developed	at	The	Netherlands	Cancer	Institute	[7,	8].	It	consists	of	a	user	interface	with	
target	delineation	features	common	to	most	commercial	treatment	planning	systems	[9]	
and	collects	a	wide	array	of	volumetric	and	target	delineation	data	unobtrusively	during	
the	contouring	session.
	 The	included	case	study	depicted	the	history	and	clinical	findings	from	an	anonymized	
patient	with	Stage	T3N0M0	adenocarcinoma	of	the	rectum	with	instructions	modelled	
on	 a	 SWOG	 protocol	 in	 development	 at	 that	 time	 that	 included	 detailed	 directives	
regarding	3-dimensional	conformal	RT	and	intensity-modulated	RT	plan	design	(SWOG	
S0713:	A	Phase	 II	Study	of	Oxaliplatin,	Capecitabine,	Cetuximab	and	Radiation	 in	Pre-
operative	 Therapy	 of	 Rectal	 Cancer;	 ClinicalTrials.gov	 Identifier	 NCT00686166),	 with	
the	terminology	modified	to	fit	the	nomenclature	established	in	the	then-unpublished	
Radiation	Therapy	Oncology	Group	(RTOG)	consensus	guidelines	for	target	delineation	
in	 anorectal	 cancers	 [10].	 The	 observers	 were	 asked	 to	 contour	 the	 structures	 as	
listed	 in	 Table	 3.1.	 The	 axial	 CT	 images	were	 extracted	using	 a	 single	Digital	 Imaging	
and	Communications	in	Medicine	data	set;	identical	copies	of	the	reconstructed	(axial,	
sagittal,	and	coronal	views)	were	then	designated	as	Scan	1	and	Scan	2.	
	 One-half	 of	 the	 distributed	 CDs	 contained	 an	 automated	 HTML	 link,	 which,	 after	
submission	of	the	first	contouring	session	(Scan	1)	and	the	subsequent	electronic		survey,	
directed	users	to	a	prepublication	version	of	the	RTOG	consensus	guidelines	for	target	
volumes	in	anorectal	cancer	[10]	and	instructions	to	re-contour	the	exact	same	axial	CT	
images	a	second	time	(Scan	2),	with	the	same	case	presentation,	instructions,	and	target	
definitions,	using	 the	RTOG	consensus	guideline	visual	atlas	as	a	guide	 (Group	A).	All	
other	CDs	contained	HTML	pop-up	directions	to	re-contour	the	same	volumes	on	the	
identical	CT	simulation-derived	data	set	(Scan	2),	using	the	same	aforementioned	case	
data/instructions	as	previously	(Group	B).	Thus,	Group	B	did	not	receive	consensus	atlas	
guidance	 for	 re-contouring	 the	case.	The	CDs	with	and	without	 the	HTML	 link	 to	 the	
consensus	atlas	were	randomly	shuffled	before	labeling	and	delivery	to	the	participants;	
the	study	personnel	and	physician	observers	were	both	unaware	of	which	CD	had	been	
distributed	to	each	participant	until	electronic	survey	completion.	
	 After	completion	of	the	gross	tumor	volume	(GTV)	and	clinical	target	volume	(CTV)	
delineation	on	Scan	1,	the	observers	submitted	the	case	by	e-mail	and	were	directed	to	
an	electronic	survey.	Subsequently,	the	participants	were	provided	with	instructions	to	
re-contour	the	case	with	or	without	the	assistance	of	an	anatomically	specific	consensus	
atlas.	The	recently	published	RTOG	consensus	atlas	[10]	was	used	in	prepublication	form	
(available	from:	www.rtog.org/pdf_document/AnorectalContouringGuidelines.pdf).	
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	 In	addition,	one	of	the	members	involved	in	the	development	of	the	RTOG	consensus	
guidelines	was	asked	to	delineate	Scans	1	and	2.	This	observer	(L.K.)	was	designated	as	
the	 ‘‘reference	expert,’’	with	her	contours	 serving	as	 the	de	 facto	 reference	standard	
against	which	to	compare	the	observer-derived	contours.	During	the	study	period,	only	
the	 reference	 expert	 user	 had	 any	 previous	 knowledge	 of	 this	 atlas;	 thus,	 the	 study	
participants	represented	a	tabula	rasa	with	regard	to	the	consensus	guidelines.

Delineation agreement analysis
All	 delineations	 were	 first	 analyzed	 visually	 (Fig.	 3.2),	 and	 any	 protocol	 deviations	
from	 the	delivered	 instructions	were	 identified	by	 a	 review	of	 all	 axial	 contours.	 The	
total	 volume	encompassed	 in	 cubic	 centimeters	 for	 all	 structures	was	 calculated	and	
tabulated.	A	statistical	comparison	of	the	volume	differentials	between	Scans	1	and	2	
was	performed	for	each	structure	for	Group	A	and	B,	respectively.	
	 The	baseline	inter-observer	variation	for	the	SWOG	protocol	was	derived	from	the	
delineations	on	Scan	1	from	all	observers,	except	for	the	reference	expert.	The	baseline	
intra-observer	variation	was	derived	from	a	comparison	of	the	volume	of	Scans	1	and	
2	 from	Group	B.	The	effect	of	 the	atlas	on	 inter-observer	variation	was	quantified	by	
comparing	the	inter-observer	variation	for	Scans	1	and	2	from	Group	A.	For	a	comparison	
within	 cohorts,	 a	 composite	median	 delineation	was	 calculated	 for	 each	 group.	 The	
median	delineation	represented	50%	coverage	of	the	isosurface	by	the	observers,	such	
that	 each	 voxel	 inside	was	 designated	 by	 ≥50%	of	 the	 observers	 and	was	 calculated	
for	GTV,	CTVA	(internal	 iliac,	presacral,	and	perirectal	nodes),	and	CTVB	(external	 iliac	
nodes).	The	CTVC	structure	was	not	designated	in	the	instructions	as	a	necessary	volume	
be	 contoured	 for	 this	 clinical	 case	 and	 was,	 therefore,	 not	 analyzed.	 For	 volumetric	
agreement	 analysis	 for	 Group	 A,	 the	 common	 volume	 was	 first	 calculated	 between	
either	the	median	or	expert	contour	(V1)	and	the	observer	contour	(V2).	Subsequently,	
as	a	modification	of	the	concept	introduced	by	Feuvret	et	al.	[11]	and	van’t	Riet	et	al.	

Table 3.1:	Target	volume	definitions	and	instructions
Structures Definition/Instructions

GTV Includes	primary	 tumor	and	any	pelvic	node	 thought	 to	be	 involved	grossly	
with	metastatic	disease	Assessment	of	grossly	involved	nodal	disease	can	be	
made	according	to	computed	tomography	scan	for	this	study

CTV Consists	 of	 CTVA,	CTVB,	 and	CTVC;	 should	 include	GTV	and	 following	nodal	
groups:	perirectal	nodes,	presacral	nodes,	and	internal	iliac	and	common	iliac	
nodes	below	L5–S	junction

CTVA For	 this	 study,	 defined	as	 nodal	 regions	 that	would	 regularly	 be	 treated	 for	
rectal	cancer	(i.e.,	internal	iliac,	presacral,	and	perirectal	nodes)

CTVB For	this	study,	defined	as	external	iliac	nodal	region
CTVC For	this	study,	defined	as	inguinal	nodal	region

Specific	
instructions

Contour	structures	denoted	GTV,	CTVA,	CTVB,	and	(optionally)	CTVC,	according	
to	preceding	target	volume	definitions
Do	 NOT	 add	 ANY	 margin	 to	 account	 for	 positional	 variability.	 It	 will	 be	
assumed	that	a	standardized	planning	target	volume	expansion	of	0.7–1.0	cm	
omnidirectionally	will	be	applied	using	the	GTV/CTV	structures	generated
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[12],	a	conformation	number	(CN)	was	derived	as	CN	=	CV2/(V1	X	V2).	Differences	in	the	
CN	values	for	the	target	structures	(e.g.,	GTV,	CTVA,	CTVB)	for	Scans	1	and	2	for	Group	
A,	using	both	 the	 reference	expert	and	 the	group	median	delineation	 isosurface	as	a	
comparator,	were	calculated	and	formally	assessed	for	statistical	significance	using	the	
paired-measures	Wilcoxon	test.	
	 For	Group	B,	the	intra-observer	CN	values	were	calculated	using	the	aforementioned	
van’t	Riet	formula	[12];	the	common	volume	was	calculated	between	either	Scan	1	(V1)	
or	Scan	2	(V2).

Post hoc exploratory contour surface variability analysis 
After	 completion	 of	 the	 planned	 volumetric	 analysis,	 surface	 distance	 analysis	 was	
performed	 to	 identify	 the	 regional	 delineation	 variation	 within	 the	 CTVA	 volume,	
using	virtual	volume	unfolding,	as	previously	published	[13,14].	In	brief,	for	the	surface	
distance	 variation	 calculation,	 the	 reference	 structure	 (median	 or	 expert)	 was	 first	
resampled	to	100	equidistant	points	per	delineated	slice.	Second,	for	each	point	on	the	
reference	structure,	the	distance,	perpendicular	to	the	surface,	to	the	observer-derived	
contour	was	calculated.	For	the	observer	variation	analysis,	 the	standard	deviation	of	
all	observers	was	calculated	for	each	point	on	the	reference	structure.	For	comparison	
with	the	expert,	the	group	median	was	calculated	by	taking	the	median	of	the	distances	
for	each	point	on	the	expert-derived	reference	structure	to	the	perpendicular	surface	
of	every	observer-derived	contour.	Regional	differentials	in	surface	variation	were	then	
explored	graphically	and	numerically.

Results
Eight	SWOG	institutions	had	at	 least	one	user	submitting	contours,	as	well	as	a	single	
non–SWOG-affiliated	participant.	Of	the	26	observers	directly	asked	to	participate,	15	
submitted	contour	set	pairs,	of	which	14	were	technically	evaluable	(1	expert,	7	in	Group	
A,	and	6	in	Group	B).	The	non-evaluable	contour	set	consisted	of	non-connected,	non-
overlapping	contours	that	precluded	ready	analysis	with	the	cohort	at	large.	
	 All	14	remaining	observers	delineated	the	GTV	and	CTVA	on	Scans	1	and	2.	Although	
the	CTVB	was	mandatory	in	the	specific	delineation	instructions,	it	was	only	delineated	
by	 11	 of	 the	 14	 observers.	 The	 CTVC,	 which	 should	 not	 have	 been	 delineated,	 was	
contoured	by	2	observers	on	both	Scan	1	and	Scan	2,	by	1	observer	on	Scan	1	only,	and	
by	1	observer	on	Scan	2	only.	For	1	observer	 in	Group	A	and	4	observers	 in	Group	B,	
major	deviations	from	the	delineation	protocol	(e.g.,	the	GTV	was	not	encompassed	by	
the	CTVA)	were	visible	on	axial	slice	review.	For	an	additional	observer	in	Group	A,	the	
CTVB	covered	the	internal	iliac	vessels	instead	of	the	external	iliac	on	both	Scan	1	and	
Scan	2.	For	the	5	observers	for	whom	the	CTVA	did	not	fully	cover	the	GTV,	the	CTVA	
was	manually	edited	such	that	the	observer-contoured	GTV	was	encompassed	for	the	
volume	analysis;	a	preliminary	statistical	evaluation	evidenced	minimal	alteration	of	the	
volumetric	statistics	by	this	modification.
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	 Between	Scans	1	 and	2,	only	 the	 increase	 in	 the	 volume	of	 the	CTVB	 in	Group	A	
approached	statistical	significance	(p	=	0.06;	Table	3.2).	In	Group	B,	the	number	of	CTVB	
slices	covered	by	all	observers	decreased	from	14	to	3	axial	CT	slices,	and	the	average	
delineated	number	of	axial	CT	slices	contoured	only	decreased	from	20	to	16	slices.	The	
median	GTV	delineated	on	Scan	1	for	all	observers	had	a	volume	of	74	cm3.	The	average	
CN	for	the	baseline	inter-observer	variation	of	the	GTV	was	0.75	(range,	0.60–0.81).	The	
median	CTVA	had	a	volume	of	709	cm3	and	a	CN	of	0.65	(range,	0.47–0.75),	indicating	
comparatively	greater	 inter-observer	disagreement	 for	CTVA	compared	with	 the	GTV.	
For	CTVB,	with	a	median	volume	of	70	cm3	,	even	less	inter-observer	agreement	could	
be	found,	with	an	average	CN	of	0.46	(range,	0.24–0.70).	

Fig. 3.2:	Overview	of	 largest	 and	 smallest	 clinical	
target	volume	A	delineations	 (white)	and	median	
clinical	target	volume	A	delineation	(black)	from	all	
observers	on	Scan	1.

Fig. 3.3:	Conformation	number	(CN)	for	observers	 in	
Group	A	before	(Scan	1)	and	after	introduction	of	atlas	
(Scan	2)	compared	with	median	surface	(a)	and	expert	
delineation	(b).	CN	=	1	indicates	complete	volumetric	
agreement.	Box	plot	displays	interquartile	range	(i.e.,	
25th	 to	 75th	 percentiles),	 with	 horizontal	 line	 dem-
onstrating	group	median;	whiskers	 include	all	points	
within	 1.5	 times	 inter-quartile	 range	 from	 25th	 and	
75th	 percentiles.	 Pre-	 and	 postatlas	mean	 CNs	 con-
nected	by	diagonal	blue	line.
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	 Atlas	exposure	led	to	a	statistically	significant	increase	in	volumetric	agreement	on	
CTVA	 between	 observers	 (Fig.	 3.3a)	 and	with	 the	 expert	 (Fig.	 3.3b),	 as	measured	 by	
CN.	The	average	inter-observer	CN	(i.e.,	agreement	with	the	median	surface)	increased	
from	0.68	(range,	0.41–0.78)	on	Scan	1	to	0.76	(range,	0.57–0.87)	on	Scan	2	(p	=	0.031,	
paired	Wilcoxon	signed	rank	test;	Fig.	3a).	The	average	CN,	compared	with	the	expert,	
increased	from	0.58	before	the	atlas	(range,	0.42–0.70)	to	0.69	after	the	atlas	(range,	
0.58–0.78,	 p=0.016;	 Fig.	 3.3b).	 For	 the	 CTVB,	 however,	 neither	 the	 inter-observer	
variation	(mean	CN,	0.39	[range,	0.26–0.67]	vs.	mean	CN,	0.45	[range,	0.13–0.68];	p	=	.4)	

Fig. 3.4:	Inter-observer	variation	changes	with	introduction	of	atlas.	(Left)	Inter-observer	
variation	(standard	deviation)	in	Group	A	before	introduction	of	atlas	shown	for	anterior,	
sagittal,	and	posterior	view.	 (Right)	 Inter-observer	variation	 in	same	group	shown	after	
introduction	of	atlas.	Group	standard	deviation	of	distance	to	expert	surface	shown	as	
color	scale	on	right	(values	in	centimeters	from	expert	surface).
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nor	the	agreement	with	the	expert	(mean	
CN,	0.31	[range,	0.16–0.49]	vs.	mean	CN,	
0.30	 [range,	0.11–0.44])	was	altered	 to	a	
statistically	 significant	 degree	 after	 atlas	
exposure	(p	=	0.8).
	 Because	 the	 atlas	 only	 affected	
the	 observer	 variation	 for	 the	 CTVA,	 the	
exploratory	 post	 hoc	 surface	 distance	
variation	 analysis	 was	 limited	 to	 CTVA	
(Figs.	3.4	and	3.5).	To	translate	the	surface	
maps	 into	 numbers,	 first	 the	 reference	
structure	 (median/expert	 CTVA)	 was	
divided	 into	 the	 anterior,	 lateral,	 and	
posterior	regions	and	subdivided	into	the	
upper	and	lower	sub-regions	at	the	level	of	
the	coccyx	tip.	For	each	of	the	six	regions,	
the	 standard	 deviation	 value	 covering	
5–95%	 of	 the	 regional	 surface	 distance	
difference	 was	 taken	 to	 characterize	 the	
minimal	 and	 maximal	 regional	 variation	
(Table	3.3),	 although	no	 formal	 statistical	
comparison	 of	 the	 regional	 sub-volumes	
was	 performed.	 Visual	 inspection	 (Figs.	
4	and	5)	showed	that	the	 introduction	of	
the	 atlas	 resulted	 in	 modification	 of	 the	
surface	 distance	 between	 the	 observers	
and	expert	primarily	 in	 limited	regions	of	
the	 CTVA,	 rather	 than	 the	 CTVA	 volume	
globally.	 Modification	 of	 the	 target	
volumes	 was	 most	 notably	 localized	 to	
the	upper-anterior	region	adjacent	to	the	
bladder,	lower-posterior,	and	lateral	CTVA	
(data	 not	 shown);	 however,	 statistical	
significance	was	not	formally	assessed.	For	
all	defined	regions,	except	 for	 the	upper-
posterior	 and	 upper-lateral,	 the	 upper	
95%	 confidence	 interval	 of	 the	 inter-

observer	surface	standard	deviation	was	reduced	by	0.2–0.8	cm	after	the	introduction	of	
the	atlas.	As	the	data	in	Table	3.4	demonstrate,	>1	cm	of	surface	variation	was	observed	
for	multiple	 regions	 before	 atlas	 implementation	 for	 all	 users,	 and	 although	 reduced	
after	atlas	administration,	>1	cm	was	still	needed	to	cover	95%	of	the	surface	variation	in	
the	CTV	sub-regions.	

Fig. 3.5:	Intra-observer	variation.	Intra-observer	varia-
tion	 (standard	 deviation)	 shown	 for	 anterior,	 sagittal,	
and	posterior	views	for	observers	who	delineated	case	
twice	 without	 any	 atlas	 exposure	 (Group	 B).	 Group	
standard	 deviation	 of	 distance	 between	 equivalent-
points	for	Scans	1	and	2	for	each	user	shown	as	color	
scale	on	right	(in	centimeters).
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	 Regarding	intra-observer	variation,	the	absolute	volume	of	all	respective	structures	
contoured	was	essentially	equivalent	(Table	3.2).	A	comparison	between	the	delineations	
on	Scans	1	and	2	in	Group	B	yielded	an	average	CN	of	0.80	(range,	0.75–0.82),	0.68	(range,	
0.47–0.89),	and	0.54	(range,	0.16–0.72)	for	the	GTV,	CTVA,	and	CTVB,	respectively.	The	
regional	intra-observer	variability	is	illustrated	graphically	in	Fig.	3.5.

Discussion
Despite	 the	 well-known	 consequences	 of	 geometric	 inaccuracy	 in	 target	 volume	
delineation	[15–17],	inter-observer	variability	in	target	definition	has	been	demonstrated	
in	 a	 host	 of	 studies	 and	 at	 various	 anatomic	 sites	 [18].	 Simply	 put,	 ‘‘inter-observer	
variability	in	the	definition	of	GTV	and	CTV	is	a	major,	for	some	tumor	locations	probably	
the	largest,	factor	contributing	to	the	global	uncertainty	in	radiation	treatment	planning’’	
[18].	 Consequently,	 efforts	 to	 implement	 solutions	 to	 possible	 sources	 of	 variability/
error	 in	 the	 target	 volume	delineation	process	have	 continued.	 These	 solutions	have	

Table 3.2: Selected volumetric and axial slice measures
Reference	expert Group	A	(atlas) Group	B	(control)

Parameter Scan 1 Scan 2 Scan 1 Scan 2 p-value Scan 1 Scan 2 p-value
Mean	volume	(cm3)

GTV 68 78 78	±	15.2 78	±	15.3 1.0 68	±	9.7 68	±	6.9 0.9
CTVA 784 820 800 ± 276 809 ± 172 0.7 590 ± 208 642 ± 251 0.4
CTVB 67 91 77 ± 62 100 ± 78 0.06 71 ± 26 51 ±32 0.3

Mean	delineated	length	(no.	of	axial	slices)
GTV 12 12 19	±	8.3 19	±	8.3 16	±	7.4 16	±	7.4
CTVA 19 21 44	±	6.8 41	±	5.9 40	±	6.3 39	±	6.2
CTVB 19 21 13	±	7.5 15	±	8.5 20	±	4.7 16	±	7.7

Axial	CT	slices	covered	by	all	observers
GTV 12 12 1 12 12 12
CTVA 45 43 32 31 31 33
CTVB 19 21 9 11 14 3

Table 3.3:	CTVA	interobserver	surface	distance,	expressed	as	95%	
confidence	interval	of	group	standard	deviation	from	median	group	
isosurface,	by	regional	subdivision,	before	and	after	atlas	exposure
Variable Anterior	(cm) Posterior	(cm) Lateral	(cm)

All	observers,	Scan	1	(i.e.,	initial	total	interobserver	variation)
Upper 0.6-1.4 0.2-0.7 0.3-1.1
Lower 0.6-1.2 0.3-1.2 0.4-1.1

Group	A,	Scan	1	(i.e.,	initial	interobserver	variation)
Upper 0.5-1.4 0.2-0.7 0.2-1.0
Lower 0.7-1.3 0.4-1.4 0.5-1.4

Group	A,	Scan	2	(i.e.,	postatlas	interobserver	variation)
Upper 0.5-1.1 0.1-0.7 0.2-0.9
Lower 0.6-1.1 0.2-0.6 0.3-0.8
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included	optimization	of	imaging	inputs	[19–22],	instructional	protocol	modification	[5,	
23,	24],	integration	of	specific	training	programs	[25,	26],	development	of	software	tools	
[27–31],	and	 implementation	of	standardized	guidelines	[32–37]	for	distinct	anatomic	
subsites.	For	clinical	trials,	the	situation	is	potentially	more	vexing,	because	to	ensure	
adequate	treatment	uniformity	between	comparison	cohorts	necessitates	comparatively	
increased	 attention	 to	 both	 protocol	 construction	 and	 enrollee	 plan	 review,	 costing	
significant	time	in	terms	of	resources	for	the	primary	investigators.	
	 In	 terms	 of	 feasibility,	 the	 study	 was	 readily	 completed	 (total	 study	 duration,	 5	
months).	Of	the	26	invited	SWOG	institutions,	12	(46%)	confirmed	an	intent	to	participate;	
however,	only	8	(31%)	had	resultant	submissions.	Nonetheless,	our	findings	suggest	that	
a	reasonably	powered	target	delineation	trial	might	be	implemented	with	a	modicum	of	
cooperative	group	resource	allocation	in	timely	manner	and	that	such	a	study	would	be	
both	technically	and	logistically	feasible.	
	 The	analysis	of	the	resultant	data	alludes	to	the	difficulty	in	executing	clinical	trials	in	
the	conformal	RT	era.	The	high	proportion	of	major	protocol	deviations	was	consistent	
with	that	 in	previous	reports.	The	substantial	variation	from	the	expert	reference	and	
median	contour	surfaces	observed	 for	all	users	before	 the	 intervention	 (Figs.	3.4	and	
3.5	 and	 Table	 3.3)	 suggests	 that	 efforts	 to	 further	minimize	 inter-observer	 variability	
are	imperative.	As	the	data	in	Table	3.4	demonstrate,	substantial	inter-observer	surface	
deviation	 was	 observed	 for	 multiple	 CTVA	 sub-regions	 before	 atlas	 implementation.	
After	atlas	administration,	a	reduction	of	0.3,	0.6,	and	0.8	cm	was	achieved	for	the	upper-
anterior,	 lower-lateral,	 and	 lower-posterior	 CTVA	 sub-region	 upper	 limit	 of	 standard	
deviation	from	the	median	isosurface.	Although	>1	cm	would	still	be	needed	to	cover	
95%	of	all	contouring	variability,	the	achieved	reductions	would	result	in	a	decrement	
in	 the	 required	 planning	 target	 volume	 expansion	 margins.	 However,	 an	 additional	
reduction	of	variation	is	desired,	because	the	planning	target	volume	margins	required	
to	 encompass	 the	 residual	 variation	 in	 target	 delineation	 would	 limit	 the	 practical	
advantages	of	intensity-modulated	RT	compared	with	conventional	RT.	
	 Several	limitations	to	the	present	pilot	study	are	evident.	The	sample	size	was	limited,	
and	only	a	single	case	was	contoured.	The	use	of	a	reference	expert’s	contours	as	the	
de	 facto	 reference	 standard	points	 to	 the	 fact	 that	 the	 ‘‘ground	 truth’’	 in	 contouring	
the	CTV	remains	ambiguous	(Table	3.2;	note	the	variation	within	the	reference	expert	
user’s	 sequential	 contours).	 Some	 variance	 in	 the	 study	might	 be	 attributable	 to	 the	
instructions,	which	were	distinct	from	standard	clinical	practice	(e.g.,	the	external	iliac	
nodes	 are	 not	 typically	 contoured	 for	 T3	 rectal	 cases).	 Our	 invitation	was	 limited	 to	
SWOG	institutes,	creating	a	potential	sampling	bias	and	that	only	interested	observers	
participated	created	an	avenue	for	selection	bias.	Nonetheless,	our	data	suggest	 that	
inclusion	of	a	visual	atlas	in	addition	to	written	instructions	can	improve	conformance	
to	 a	 reference	 expert’s	 contours	 (Fig.	 3.3a)	 and	 reduce	 inter-observer	 variability	 to	 a	
statistically	 detectable	 degree	 (Fig.	 3.3b).	 However,	 our	 data	 also	 suggest	 substantial	
residual	variability	in	rectal	target	volume	delineation,	even	after	atlas	use	(Tables	3.2	
and	3.3).	
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	 The	results	of	the	present	study	are	consistent	with	those	from	previous	investigations	
of	educational	interventions	and	consensus	guideline	application	in	contouring	studies.	
Recently,	 Bekelman	 et	 al.	 [25]	 demonstrated	 improvement	 in	 contour	 quality	 after	
a	 directed	 teaching	 intervention,	 echoing	 previous	 work	 by	 Tai	 et	 al.	 [26]	 showing	
increased	protocol	compliance	after	a	site-specific	educational	experience.	With	regard	
to	 consensus	 guideline	 application	 as	 an	 avenue	 toward	 target	 variability	 reduction,	
Dimopouloset	al.	[32]	reported	a	study	in	which	19	cervical	cancer	cases	were	contoured	
using	the	Groupe	Européen	de	Curiethérapie	and	the	European	Society	for	Therapeutic	
Radiology	and	Oncology	(GEC-ESTRO)	guidelines	by	2	observers	[11,	21],	with	a	resultant	
between-user	conformity	index	in	the	range	0.6–0.7	for	target	volumes,	roughly	consistent	
with	the	CNs	 in	the	present	series.	Likewise,	Wong	et	al.	 [38]	recently	demonstrated,	
using	a	test-retest	sequence,	that	improved	consistency	in	seroma	contouring	could	be	
observed	after	exposure	to	consensus	guidelines.	In	the	clinical	trial	setting,	it	is	likely	
that	‘‘trial-specific’’	atlases	should	be	used	according	to	patterns	of	failure	data	(as	per	
Roels	et	al.	[39])	or,	possibly,	after	a	pilot	contouring	trial	similar	to	the	present	study.	
For	 instance,	 the	 Radiation	 Therapy	 Oncology	 Group	 anorectal	 consensus	 guidelines	
stipulate	 coverage	 ‘‘extending	 CTVA	 1cm	 into	 the	 posterior	 bladder,	 to	 account	 for	
day-to-day	 variation	 in	 bladder	 position’’	 [10].	 This	 incorporation	of	motion	 into	CTV	
generation,	rather	than	the	planning	target	volume	expansion,	represents	a	conceptual	
break	with	International	Commission	on	Radiation	Units	and	Measurements	6240	and	
other	guidelines	[39],	in	which	the	posterior	bladder	wall	would	not	be	contoured.	No	
users	in	Group	A	included	significant	portions	of	the	posterior	bladder	before	using	the	
atlas,	although	most	did	so	after	atlas	exposure	(in	compliance	with	the	presented	atlas	
[10]	and	consistent	with	the	reference	expert).	
	 Future	 studies	 are	 required	 to	 ascertain	 whether	 the	 observed	 effects	 of	 atlas	
administration	are	transferable	to	other	anatomic	sites	with	potentially	more	complicated	
anatomic	 relationships	 [5,	 24].	 The	 SWOG	 Radiation	 Therapy	 Committee	 intends	 to	
suggest	 building	 target	 delineation	 studies	 into	 clinical	 trial	 protocol	 development/
quality	assurance	processes.	Aspects	of	this	data	set	might	also	be	integrated	into	the	
design	of	 educational	materials	 for	 a	proposed	Dutch	 cooperative	 group	 rectal	 study	
workshop.	We	 plan	 to	 use	 portions	 of	 this	 data	 set	 to	 construct	 composite	 models	
accounting	for	rectal	motion	and	setup	variability	[14,41],	as	well	as	the	development	
of	novel	software	strategies	for	evaluation	[42]	and	minimization	of	target	delineation	
variance.	

Conclusions
The	addition	of	a	visual	atlas	and	consensus	treatment	guidelines	to	a	written	protocol	
increased	CTV	delineation	conformance	with	the	expert-derived	contours	and	increased	
contour	agreement	among	the	participants	for	the	CTVA,	but	not	the	GTV	or	CTVB,	for	
the	included	rectal	cancer	case.	The	detected	inter-observer	(both	with	and	without	the	
atlas)	and	intra-observer	variation	in	contouring	target	structures	was	substantial.	Visual	
atlas-based	supplementary	target	volume	specification	materials	should	be	considered	
for	clinical	trials	involving	conformal	RT	approaches.
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Abstract

Purpose
The	aim	of	this	study	was	to	measure	and	improve	the	quality	of	target	volume	delineation	
by	means	of	national	consensus	on	target	volume	definition	in	early-stage	rectal	cancer.	

Material and methods
The	CTV‘s	for	eight	patients	were	delineated	by	11	radiation	oncologists	in	10	institutes	
according	to	local	guidelines	(phase	1).	After	observer	variation	analysis	a	workshop	was	
organized	 to	establish	delineation	guidelines	and	a	digital	atlas,	with	which	 the	same	
observers	 re-delineated	 the	 dataset	 (phase	 2).	 Variation	 in	 volume,	most	 caudal	 and	
cranial	slice	and	local	surface	distance	variation	were	analyzed.

Results
The	average	delineated	CTV	volume	decreased	from	620	to	460	cc	(p	<	0.001)	in	phase	
2.	Variation	in	the	caudal	CTV	border	was	reduced	significantly	from	1.8	to	1.2	cm	SD	(p	
=	0.01),	while	it	remained	0.7	cm	SD	for	the	cranial	border.	The	local	surface	distance	
variation	(cm	SD)	reduced	from	1.02	to	0.74	for	anterior,	0.63	to	0.54	for	lateral,	0.33	to	
0.25	for	posterior	and	1.22	to	0.46	for	the	sphincter	region,	respectively.	

Conclusions
The	 large	variation	 in	target	volume	delineation	could	significantly	be	reduced	by	use	
of	consensus	guidelines	and	a	digital	delineation	atlas.	Despite	the	significant	reduction	
there	is	still	a	need	for	further	improvement.



| 61| 61

Target volume delineation variation for early stage rectal cancer in the Netherlands

Introduction
Pre-operative	radiotherapy	of	rectal	cancer	patients	can	be	improved	by	using	intensity-
modulated	radiotherapy	(IMRT),	with	a	significant	reduction	in	dose	to	the	organs	at	risk	
[1-3].	As	more	conformality	to	the	target	volume	is	obtained	with	IMRT,	knowledge	and	
application	of	geometrical	uncertainties	in	the	construction	of	a	planning	target	volume	
(PTV)	is	important	to	prevent	under-dosage	of	the	target	volume.	
	 For	construction	of	the	PTV,	definition	of	the	clinical	target	volume	(CTV)	is	essential.	
In	 rectal	 cancer	 radiotherapy	 two	 guidelines	 are	 available	 (4,	 5].	 In	 both	 the	 tumor,	
involved	lymph	nodes,	mesorectum	and	the	perirectal,	presacral	and	internal	iliac	lymph	
node	regions	are	included.	Roels	et	al.	[4]	developed	an	atlas	by	selecting	required	sub-
regions	based	on	patterns	of	local	recurrences	and	subsequently	defined	the	anatomical	
borders	of	these	CTV	sub-regions.	The	atlas	of	Myerson	et	al.	[5]	was	developed	by	a	
RTOG	consensus	panel.
	 Despite	the	existence	of	the	first	atlas	since	2006	[4],	little	publications	are	available	on	
the	effect	on	inter-observer	delineation	variation.	For	the	RTOG	consensus	atlas	[5]	one	
pilot	study	[6]	is	available	where	13	observers	delineated	the	CTV	for	1	patient	according	
to	the	protocol	guidelines,	and	subsequently	7	re-delineated	using	the	delineation	atlas.	
In	this	study	initial	inter-observer	variation	of	over	1.5	cm	standard	deviation	(1SD)	was	
found.	This	observer	variation	was	much	larger	than	the	current	known	major	source	of	
geometric	uncertainty,	the	target	volume	shape	variation,	which	is	 in	the	order	of	0.7	
cm	 for	 systematic	and	 random	errors	 [7,	8].	Re-delineation	with	 the	atlas	 resulted	 in	
significantly	better	agreement	in	target	delineation,	but	still	variation	up	to	1.0	cm	(1SD)	
was	observed.	Since	this	pilot	study	contains	only	one	patient	and	the	atlas	was	tested	
by	only	7	observers,	more	elaborated	studies	are	needed	to	confirm	the	beneficial	effect	
of	a	delineation	atlas	and	rule	out	the	possible	selection	bias	of	a	single	patient.	 It	 is,	
for	example,	unknown	whether	rectal	cancer	CTV	delineation	variation	is	influenced	by	
anatomic	differences	between	male	and	female	patients	or	by	tumor	location.
	 In	the	Netherlands,	several	centers	are	planning	to	replace	3-	or	4-field	conformal	
RT	by	IMRT.	National	consensus	guidelines	in	order	to	reduce	delineation	variation	are	
needed	[6]	for	safe	IMRT	introduction.	The	Dutch	National	Platform	for	Radiotherapy	of	
Gastroenterology	Tumors	initiated	a	2-phase	delineation	study.	The	purpose	of	the	study	
was	
-	to	examine	the	delineation	variation	between	radiation	oncologists	(phase1);
-	to	establish	consensus	guidelines	and	produce	a	delineation	atlas;
-	to	evaluate	the	effect	of	use	of	these	by	the	same	observers	(phase	2).
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Material and methods
Patients and observers
Eight	patients	with	early	stage	rectal	cancer	(cT1-3,	N0-1,	no	circumferential	resection	
margin	(CRM)	involvement)	treated	with	pre-operative	RT	were	retrospectively	selected.	
In	the	selection	process	patient	orientation	(prone/supine	on	a	flat	table),	gender	(male/
female)	and	tumor	location	(low/high	seated	tumor)	were	taken	into	account	(Table	4.1).	
Low	seated	tumors	were	defined	as	tumors	within	5	cm	from	the	anal	verge	to	be	treated	
with	an	abdominoperineal	resection	(APR).	High	seated	tumors	were	defined	as	more	
than	5	cm	from	the	anal	verge	and	to	be	treated	with	a	low-anterior	resection	(LAR).	
	 A	total	of	24	observers	representing	all	21	Dutch	radiotherapy	institutes	were	asked	
to	participate.

Scans and delineation software
For	 each	 patient	 a	 planning	 CT	 scan	 ranging	 from	 the	 L2-L3	 junction	 to	 below	 the	
perineum	 with	 5	 mm	 slice	 spacing	 was	 available.	 Five	 patients	 were	 scanned	 with	
intravenous	contrast.	A	T2	weighted	MR	scan,	reconstructed	in	orthogonal	planes,	was	
available	for	all	patients.
	 The	target	volumes	were	delineated	using	the	“Big	Brother”	software	[9].	The	CTV	
was	delineated	on	the	transversal	slices.	Sagittal	and	coronal	views	of	the	CT	scan	were	
shown	to	the	observer	simultaneously,	also	at	the	same	time	MR	reconstructions	were	
available	 in	 a	 separate	 window,	 without	 co-registration,	 because	 of	 large	 anatomic	
differences	 between	 the	 CT	 and	 MRI	 scans.	 All	 human-computer	 interaction	 was	
recorded	during	the	delineation	sessions.	These	were	used	to	register	the	delineation	
time	per	observer	per	patient,	as	well	as	the	frequency	of	the	atlas	use	in	the	second	
phase.

Study layout
In	 the	first	 phase	observers	were	 asked	 to	 delineate	 the	CTV	based	on	 the	provided	
clinical	data	and	according	to	the	local	hospital	guidelines.	After	analyzing	the	data	of	
phase	1	a	meeting	was	organized	with	 the	observers.	 Inter	observer	variation	 results	
were	 discussed	 and	 consensus	 guidelines	 were	 developed	 based	 on	 the	 delineation	
guidelines	of	Roels	et	al.	[4].	The	consensus	aim	was	to	describe	which	regions	should	be	
delineated	for	which	patients,	and	which	anatomic	borders	were	appropriate	to	define	
these	 regions.	 The	 guidelines	were	 subsequently	 translated	 into	 a	 digital	 delineation	
atlas	by	three	experts	(D.F.M.	de	H.-K.,	J.C.B.	and	C.A.M.M.)	who	were	not	part	of	the	
observer	group.	The	digital	atlas	consisted	of	an	in	house	developed	application	in	which	
all	delineation	regions	according	to	the	guidelines	were	provided	for	a	rectal	cancer	case.	
Difference	with	existing	paper	based	atlases	is	that	observers	could	approach	the	digital	
atlas	similar	to	CT	scans	in	delineating	target	volumes.
	 In	the	second	phase,	starting	7	months	after	the	consensus	meeting,	observers	re-
delineated	the	8	patients	using	the	consensus	guidelines	and	the	digital	atlas.	Observers	
were	free	to	either	delineate	the	separately	described	regions	of	the	CTV,	or	to	compose	
one	CTV.	
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Data analysis
The	 following	analyses	were	separately	performed	 for	phases	1	and	2	and	compared	
subsequently.	
	 For	volumetric	analysis	the	mean	and	standard	deviation	of	the	delineated	volume	
was	calculated	per	patient.	The	generalized	conformity	index	(CI),	sum	of	the	common	
volumes	 divided	 by	 the	 sum	 of	 the	 encompassing	 volumes	 between	 each	 pair	 of	
observers,	was	calculated	for	each	patient	[10].	The	cranial-caudal	delineation	variation	
was	calculated	as	the	standard	deviation	in	the	position	of	the	most	cranial	and	caudal	
delineated	slice	over	the	observers.
For	 each	 patient,	 a	 median	 3D	 surface	 of	 the	 CTV’s	 of	 all	 observers	 was	 computed	
as	 reference	 structure	 [11].	 The	 median	 surface	 represents	 50%	 coverage	 of	 the	
delineations	of	all	observers.	The	median	surface	was	subsequently	sampled	using	8000	
equally	distributed	points.	For	each	point	the	perpendicular	distance	to	each	delineated	
CTV	surface	was	calculated.	The	standard	deviation	over	 the	distances	 for	each	point	

Table 4.1: Volumetric	and	cranial	caudal	slice	delineation	variation	for	each	patient	in	phase	1	and	
phase	2	for	11	observers.	For	the	p-values	a	2-sided	paired	T-Test	was	used	to	compare	phase	1	and	2

Phase 1, local hospital guidelines

Patient	characteristics Average	volume	
in	cc	(1SD)

Caudal slice 
variation	1SD	(cm)

Cranial slice 
variation	1SD	(cm)

Conformity	
Index	(CI)

1:	female,	prone,		APR 638	(147) 1.5 0.7 0.56
2:	female,	supine,	APR 687	(121) 1.6 0.7 0.60
3:	male,				prone,		APR 761	(154) 2.4 0.7 0.62
4:	male,				supine,	APR 623	(132) 2.1 0.8 0.64
5:	female,	prone,		LAR 520			(95) 1.6 0.7 0.60
6:	female,	supine,	LAR 516			(95) 1.7 0.5 0.65
7:	male,				prone,		LAR 609			(82) 1.7 0.7 0.70
8:	male,				supine,	LAR 602			(86) 1.3 1.0 0.65

RMS/Average 620 1.8	cm 0.7 0.63

Phase 2, delineation guidelines and digital atlas

Patient	characteristics Average	volume	
in	cc	(1SD)

Caudal slice 
variation	1SD	(cm)

Cranial slice 
variation	1SD	(cm)

Conformity	
Index	(CI)

1:	female,	prone,		APR 455			(88) 0.6 0.5 0.61
2:	female,	supine,	APR 472			(75) 0.6 0.8 0.66
3:	male,				prone,		APR 573			(92) 2.0 0.5 0.68
4:	male,				supine,	APR 499			(52) 0.5 0.7 0.73
5:	female,	prone,		LAR 423			(77) 1.7 0.8 0.62
6:	female,	supine,	LAR 384			(57) 0.8 0.4 0.70
7:	male,				prone,		LAR 444			(72) 0.6 0.9 0.68
8:	male,				supine,	LAR 430			(79) 1.3 0.9 0.61

RMS/Average 460 1.2 0.7 0.66

Different	from	phase	1	 p < 0.001 p = 0.01 p	=	0.46 p	=	0.06
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Fig. 4.1:	Example	images	of	patient	2	showing	the	difference	in	delineation	variation	between	the	
1st	(left)	and	2nd	(right)	delineation	phase.	The	top	image	is	the	most	caudal	common	delineated	
slice.	The	middle	image	is	a	mid-rectum	slice	just	cranial	of	the	bladder.	The	bottom	image	is	the	
sagittal	view.	Each	observer	has	a	corresponding	color	on	all	images.
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was	calculated	as	a	measure	of	local	observer	variation	(local	SD).	The	overall	observer	
variation	(overall	SD)	for	each	patient	was	calculated	as	the	quadratic	mean	of	the	local	
SD	weighted	for	surface.	For	sub-region	analysis	the	median	surface	was	divided	into	4	
regions	for	the	high	seated	tumors,	being	posterior,	the	left	and	right	lymph	node	region,	
and	anterior.	For	 the	distal	 tumors	an	additional	 sphincter	 region	was	defined	caudal	
from	 the	 caudal	 edge	 of	 the	mesorectum.	 For	 each	 sub-region	 the	 overall	 observer	
variation	was	calculated.	
	 To	analyze	the	impact	of	the	guidelines	and	atlas	in	clinical	practice,	the	time	spent	
delineating	 the	 patients	 in	 both	 rounds	 was	 evaluated,	 as	 well	 as	 the	 frequency	 of	
viewing	the	atlas	in	the	second	round.
	 Average	volumes	and	the	conformity	index	within	and	between	phases	1	and	2	were	
compared	 using	 a	 paired	 2-sided	 Student’s	 t-test.	 To	 compare	 standard	 deviations	 a	
2-sided	F-test	was	used.	p-Values	 lower	 than	0.05	were	 considered	 to	be	 statistically	
significant.

Results
A	total	of	17	observers	submitted	the	delineations	in	phase	1.	Of	these	17	observers,	11	
also	delineated	phase	2.	In	the	1st	phase,	1	of	the	11	observers	did	not	delineate	patient	
number	3.	 In	 the	2nd	phase,	1	observer	was	missing	 for	patient	8.	Only	delineations	
of	 the	11	observers	who	were	present	 in	both	delineation	sets	are	considered	 in	 the	
remainder	of	this	article,	resulting	in	a	total	of	172	evaluated	CTV	delineations.	

Phase 1
The	 observers	 were	 not	 confident	 with	 the	 delineation	 software,	 whilst	 the	 first	
delineation	lasted	on	average	36	min	per	observer	(1SD	16.3),	the	remainder	took	about	
17	min	(1SD	9.4).	All	observers	made	use	of	the	coronal	and	sagittal	representation	of	
the	CT	scan	and	the	MR	scans,	as	was	recorded	by	changes	in	level,	window,	zoom	and	
slice	in	these	viewers.	
	 Large	differences	between	observers	were	present,	as	can	be	appreciated	from	the	
example	 images	 of	 patients	 2	 (Fig.	 4.1)	 and	 8	 (Fig.	 4.2).	 The	 average	 delineated	 CTV	
volume	of	the	8	patients	ranged	from	516	cc	to	761	cc,	with	standard	deviations	ranging	
from	82	cc	to	154	cc	(Table	4.1).	With	an	average	volume	of	675	cc	for	the	APR	patients	
and	562	cc	for	the	LAR	patients,	there	was	a	clear	difference	in	CTV	definition	for	both	
patient	groups	(p	<	0.0001,	2-sided	2-sample	t-test).	Part	of	the	volumetric	variation	was	
due	to	differences	in	definition	of	the	caudal	and	cranial	border	of	the	CTV	(Table	4.1).	
For	the	caudal	border	differences	up	to	14	slices	between	observers	were	found.	The	
cranial	border	differences	were	smaller,	but	still	substantial.	Delineation	variation	was	
also	demonstrated	by	the	conformity	index,	with	an	average	CI	of	0.63.
	 From	 the	 local	 surface	 SD	 between	 observers	 projected	 on	 the	 median	 surface	
of	 each	patient	we	 learn	 that	 the	pattern	of	 delineation	 variation	 is	 similar	 between	
patients	(Fig.	4.3).	With	a	color	scale	up	to	2.2	cm	it	is	clear	that	large	differences	exist	
between	observers,	especially	for	the	anterior	CTV	part	(average	1.02	cm	SD)	and	the	
sphincter	region	(average	1.22	cm	SD)	(Table	4.2).	For	the	lateral	lymph	node	regions	the	
observer	variation	is	lower,	but	still	substantial	with	an	average	0.6	cm	SD.
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Fig. 4.2:	Example	images	of	patient	8	showing	the	difference	in	delineation	variation	between	the	1st 
(left)	and	2nd	(right)	delineation	phase.	The	top	image	is	the	most	caudal	common	delineated	slice.	
The	middle	image	is	a	mid-rectum	slice	just	cranial	of	the	bladder.	The	bottom	image	is	the	sagittal	
view.	Each	observer	has	a	corresponding	color	on	all	images.
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Consensus guidelines and digital atlas
At	the	consensus	meeting	in	October	2009,	the	delineation	guidelines	were	established	
(Appendix	4.1).	Four	major	CTV	regions	were	described,	being	the	mesorectum,	the	iliac	
lymph	node	 regions	 (left	and	 right),	 the	obturator	 lymph	node	 region	 (left	and	 right)	
and	the	presacral	 region.	For	 the	mesorectal	 region,	differences	were	made	between	
patients	undergoing	a	LAR,	where	the	caudal	border	of	the	CTV	was	set	to	4	cm	caudal	
of	the	tumor,	and	patients	undergoing	an	APR,	where	the	whole	sphincter	complex	was	
included	in	the	CTV.	The	obturator	region	was	only	included	if	the	primary	tumor	was	
<10	cm	from	the	anal	verge	[4].	A	1	cm	margin	around	the	gross	tumor	volume	(GTV)	and	
0.5	cm	margin	around	pathologically	enlarged	lymph	nodes	was	applied.
	 For	 the	digital	 delineation	atlas	 a	planning	CT	 scan	with	2	mm	slice	distance	was	
available	 with	 a	 patient	 in	 supine	 position,	 together	 with	 a	 T2	 weighted	 MR	 scan	
(reconstructed	in	orthogonal	planes).	The	MR	scans	were	co-registered	to	the	planning	
CT,	since	anatomical	differences	were	small.	The	regions	defined	in	the	guidelines	were	
delineated	by	the	3	observers	and	subsequently	the	consensus	of	these	3	observers	was	
used	in	the	digital	atlas.	The	digital	atlas	can	be	downloaded	from:	
ftp://ftp-rt.nki.nl/RectumAtlas/RectumAtlas.zip 

Table 4.2:	Surface	distance	variation	for	phase	1	and	phase	2	for	11	observers.

Phase 1, local hospital guidelines
Total	CTV Posterior Left Anterior Right Sphincter

Patient	1 0.79 0.22 0.62 1.35 0.65 1.07
Patient	2 0.73 0.28 0.59 1.02 0.68 1.01
Patient	3 0.84 0.31 0.62 0.93 0.54 1.44
Patient	4 0.76 0.29 0.61 0.91 0.60 1.30
Patient	5 0.79 0.34 0.69 1.21 0.72
Patient	6 0.57 0.35 0.59 0.91 0.58
Patient	7 0.53 0.33 0.58 0.74 0.59
Patient	8 0.68 0.49 0.69 0.97 0.65
RMS 0.72 0.33 0.62 1.02 0.63 1.22

Phase 2, delineation guidelines and digital atlas
Total	CTV Posterior Left Anterior Right Sphincter

Patient	1 0.49 0.22 0.44 0.93 0.46 0.46
Patient	2 0.44 0.29 0.46 0.47 0.49 0.50
Patient	3 0.42 0.18 0.48 0.56 0.42 0.51
Patient	4 0.38 0.22 0.43 0.57 0.43 0.33
Patient	5 0.58 0.31 0.64 0.91 0.62
Patient	6 0.40 0.20 0.46 0.50 0.53
Patient	7 0.54 0.26 0.67 0.77 0.61
Patient	8 0.64 0.32 0.71 0.99 0.64
RMS 0.49 0.25 0.55 0.74 0.53 0.46
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Phase 2
Using	the	guidelines	and	the	atlas	the	1st	patient	delineation	lasted	on	average	63	min	
per	observer	 (1SD	34.9).	Delineation	of	 patients	 2	 to	 8	 lasted	27	min	 (1SD	16.9)	 per	
observer.	The	digital	atlas	was	consulted	during	31	of	the	86	delineations	with	a	wide	
variation:	2	observers	did	not	open	the	atlas	at	all	contrarily	to	2	observers	using	the	
atlas	for	7	out	of	8	patients.	Usage	of	the	coronal	and	sagittal	representation	of	CT	scan	
and	MR	scans	was	comparable	to	phase	1.
	 We	found	a	statistically	significant	reduction	in	the	delineated	volumes	(Table	4.1),	
with	on	average	160	cc.	In	APR	patients,	variation	between	observers	reduced	from	139	
cc	(1SD)	to	90	cc	SD	(p	=	0.01),	comparable	to	the	volume	in	the	LAR	patient	group.	The	
large	variation	 in	 the	most	caudal	 slice	 in	phase	1	was	significantly	 reduced	 from	1.8	
cm	to	1.2	cm	SD	(p	=	0.01),	while	for	the	cranial	slice	there	was	no	difference.	The	CI	
increased	on	average	from	0.63	to	0.66,	which	was	borderline	significant	(Table	4.1).	

Fig. 4.3:	Left-coronal	view	of	the	local	surface	distance	variation	(1SD)	over	the	11	observers	projected	
on	the	median	surface	of	the	8	patients	in	phase	1	(left)	and	phase	2	(right)	of	the	study.	The	white	
contours	indicate	the	bladder	for	reference.
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	 Improvement	in	delineation	variation	can	best	be	appreciated	using	the	local	surface	
distance	 variation	 (Fig.	 4.3).	 Note	 the	 differences	 in	 CTV	 shape	 between	 the	median	
surfaces	 from	 phase	 1	 and	 phase	 2.	 Delineation	 variation	 especially	 reduced	 in	 the	
anterior	region	(reduction	of	0.28	cm	SD)	and	the	sphincter	region	(reduction	of	0.76	cm	
SD)	(Table	4.2,	phase	2).	
	 Improvement	 in	consensus	between	observers	 is	well	 illustrated	by	 the	 images	of	
patient	2	(Fig.	4.1).	Distances	between	observer	delineations	reduced	for	some	regions	
from	centimeters	in	phase1	to	the	order	of	millimeters	in	phase	2.	For	patients	7	and	
8,	 the	observer	variation	did	not	 change	globally.	 For	both	patients	 the	anterior	part	
adjacent	to	the	prostate/bladder	was	delineated	more	consistently	 in	phase	2,	but	at	
the	anterior	border	of	 the	 iliac	 lymph	node	regions	and	the	anterior	border	adjacent	
to	the	small	bowel	a	variation	increase	was	found	(Fig.	4.2).	Both	patients	were	male,	
designated	to	undergo	a	LAR.

Discussion
In	this	study	we	have	shown	that	target	volume	delineation	variation	is	a	major	geometric	
uncertainty	 for	 early-stage	 rectal	 cancer	 radiotherapy.	 National	 consensus	 guidelines	
and	a	digital	delineation	atlas	were	established	and	resulted	in	a	significant	reduction	of	
the	delineation	variation.
	 In	the	analysis	of	CTV	delineations,	generally	no	golden	standard	exists.	Reduction	
of	delineation	variation	is	therefore	the	goal,	since	it	has	an	impact	on	the	evaluation	
precision	of	trial	results,	tumor	control	and	side	effects.	
	 With	 the	 large	 delineation	 variation	 known	 from	 both	 the	 literature	 [6]	 and	 the	
first	phase	of	the	current	study,	the	question	arises	what	size	of	delineation	variation	
reduction	 should	 be	 reached	 for	 consensus.	 In	 this	 study	 we	 show	 that	 by	 using	 a	
delineation	 atlas	 and	 organizing	 a	 consensus	meeting	 a	 large	 step	 forward	 could	 be	
made.	Increased	consensus	was	proven	by	the	significant	reduction	in	volume	variation,	
caudal	 slice	variation	and	 local	 surface	distance	variation.	Besides	 smaller	differences	
between	the	observers	within	patients,	the	median	surfaces	between	patients	assigned	
to	similar	surgery	were	also	more	comparable	in	shape	(Fig.	4.3).	As	an	additional	effect	
of	the	consensus	guidelines,	the	average	delineated	CTV	volume	significantly	reduced	by	
160	cc.	This	reduction	was	mainly	achieved	because	in	the	first	round	some	observers	
included	 parts	 of	 the	 cervix,	 uterus,	 bladder,	 prostate	 or	 seminal	 vesicles	 in	 the	 CTV	
(Figs.	 4.1	 and	 4.2),	while	 these	were	 explicitly	 excluded	 in	 the	 developed	 guidelines.	
Apparently	delineation	guidelines	and	an	atlas	are	needed	to	exclude	the	normal	tissues	
from	the	CTV,	as	was	already	shown	in	the	example	images	of	the	pilot	study	by	Fuller	et	
al.	[6].
	 Target	 volume	 delineation	 is	 generally	 only	 performed	 once	 per	 patient	 and	 has	
impact	on	every	treatment	fraction.	Delineation	errors	can	therefore	be	considered	as	a	
systematic	error.	For	clinical	implications	of	the	found	and	reduced	delineation	variation	
the	consequences	for	the	small	bowel	should	be	evaluated,	being	the	major	organ	at	
risk	 [12,	13].	When	using	 IMRT,	 the	dose	 to	 the	 small	bowel	 is	mainly	dependent	on	
the	 required	PTV	margin	 at	 the	 anterior	 region.	Delineation	 variation	 at	 the	 anterior	
region	reduced	from	1.02	cm	SD	in	phase	1	to	0.74	cm	SD	in	phase	2.	Other	sources	of	
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systematic	geometric	uncertainties	are	target	volume	shape	variation	in	the	order	of	0.7	
cm	SD	[7,	8]	and	setup	errors	in	the	order	of	0.2	cm	SD	[7].	Delineation	variation	in	phase	
1	was	 larger	than	any	other	error,	and	therefore	unacceptably	 large.	The	reduction	in	
delineation	variation	resulted	in	errors	comparable	to	shape	variation	errors,	making	it	a	
relevant	reduction,	which	is	open	for	further	improvement.
	 There	were	no	apparent	differences	in	delineation	variation	when	comparing	male	
and	female	patients.	The	patients	with	a	 low	seated	tumor	benefitted	more	from	the	
delineation	guidelines,	since	only	 in	these	patients	the	sphincter	region	 is	part	of	the	
CTV.	In	general	we	can	conclude	that	delineation	variation	in	early-stage	rectal	cancer	is	
mainly	dependent	on	the	complexity	of	defining	the	CTV	borders	in	the	pelvic	area,	and	
not	by	gender	or	tumor	location.
	 When	evaluating	the	delineation	variation	in	sub-regions,	for	the	majority	of	patients	
substantial	residual	variation	remains	at	the	anterior	border	of	the	CTV	cranial	to	the	
bladder	and	at	the	anterior	border	of	the	lateral	lymph	node	regions	(Fig.	4.3).	For	the	
anterior	border	of	the	lateral	lymph	node	regions	it	is	hard	to	define	anatomic	landmarks	
which	 can	 be	 easily	 recognized	 by	 all	 observers	 at	 all	 slices	 for	 all	 patients.	 For	 the	
anterior-cranial	border	of	the	CTV	the	delineation	guidelines	were	interpreted	differently	
amongst	 the	 observers,	 especially	 when	 small	 bowel	 loops	 were	 found	 adjacently	
(Fig.	 4.2).	 Further	 improvement	 of	 the	 delineation	 variation	might	 be	 reached	 if	 the	
delineation	guidelines	 are	 adapted	 to	be	more	explicit.	Observer	 could,	 for	 example,	
first	delineate	both	ureters	and	use	them	as	anterior	border	for	the	lateral	lymph	node	
regions.
	 Recent	publications	on	patterns	of	local	recurrence	and	its	reflection	on	CTV	definition	
have	indicated	that	the	cranial	border	of	the	CTV	might	be	lowered	to	the	level	of	the	
S2-S3	interspace	if	a	patient	has	an	expected	negative	CRM	and	clinical	negative	lymph	
nodes	[14,	15].	This	adaptation	of	the	CTV	definition	would	result	in	omitting	a	large	part	
of	the	CTV	region	adjacent	to	small	bowel,	consequently	reducing	residual	delineation	
variation	 in	that	specific	region.	However,	 this	adaptation	was	not	taken	 into	account	
in	the	current	study,	since	the	publication	[15]	was	not	yet	available	at	the	consensus	
meeting.
	 The	guidelines	in	the	current	study	were	mainly	based	on	the	study	of	Roels	et	al.	[4],	
which	was	chosen	because	these	guidelines	were	based	on	local	recurrences,	distinctive	
anatomical	borders	and	were	widely	accepted	(more	than	39	citations).	Although	most	
observers	 in	 the	 current	 study	were	 familiar	with	 the	 study	 of	 Roels	 et	 al.	 [4],	 large	
delineation	variation	in	the	first	phase	of	the	current	study	indicated	that	this	was	not	
enough	for	an	acceptable	level	of	delineation	variation.	Therefore,	we	found	it	necessary	
to	make	 a	 point-by-point	 description	 of	 the	 delineation	 guidelines	 adjusted	 for	 early	
stage	rectal	cancer	only	(Appendix	4.1).	Main	differences	with	the	proposed	guidelines	
of	Roels	et	al.	can	be	found	in	the	division	in	the	different	regions,	but	in	general	the	same	
target	volume	is	described.	Small	differences	can	be	found	in	the	amount	of	included	fat	
around	the	sphincter	region,	the	ventral	border	of	the	obturatorial	lymph	node	regions	
and	the	caudal	border	of	the	internal	iliac	lymph	node	regions.	
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	 Larger	differences	exist	when	comparing	 the	current	delineation	guidelines	 to	 the	
RTOG	guidelines	[5].	In	the	RTOG	atlas	the	entire	mesorectum	down	to	the	pelvic	floor	is	
always	included,	where	in	the	current	study	4	cm	below	the	primary	tumor	is	demanded.	
The	sphincter	 region	 is,	however,	only	 included	 in	 the	CTV	when	there	 is	 radiological	
proof	 of	 ischiorectal	 fossa	 invasion,	 while	 the	 current	 study	 includes	 this	 region	 for	
all	patients	designated	 for	an	abdominoperineal	 resection.	The	posterior	obturatorial	
lymph	node	regions	are	always	included,	where	the	current	study	they	are	only	included	
when	the	tumor	is	<10	cm	from	the	anal	verge.	Finally,	day-to-day	variation	in	bladder	
volume	and	 small	 bowel	 loops	 close	 to	 the	CTV	was	 recommended	 to	 be	 taken	 into	
account	in	the	CTV	by	the	RTOG,	while	in	the	current	study	the	PTV	should	cover	the	
variations.	
	 A	novelty	in	the	current	study	is	the	use	of	a	digital	delineation	atlas.	Most	published	
delineation	 guidelines,	 also	 for	 other	 cancer	 sites,	 are	 paper	 based	 [4,	 5,	 16,	 17],	
preventing	the	user	to	approach	the	atlas	in	a	similar	way	as	during	delineation	of	target	
volumes.	 Ideally	the	efficacy	of	a	digital	atlas	should	have	been	compared	to	a	paper	
based	atlas	to	establish	the	additional	value.	The	current	study	took,	however,	already	16	
months	for	2	rounds	and	only	11	of	the	17	participating	radiation	oncologists	completed	
the	whole	assignment.	
	 The	digital	atlas	was	viewed	only	during	31	of	the	total	86	delineations	of	the	2nd	
round.	 Usage	 was	 varying	 among	 the	 observers	 from	 never	 to	 almost	 always.	 For	
observers	who	viewed	the	atlas	during	2	or	more	patients	the	average	conformity	index	
with	the	median	surface	significantly	increased	(0.74	vs.	0.79;	p	=	0.01),	indicating	that	
these	observers	delineated	closer	to	each	other	in	phase	2.	Observers	who	viewed	the	
atlas	never	or	 just	once	did	not	 improve	in	conformity	 index	with	the	median	surface	
(0.72	vs.	0.73;	p	=	0.94).	Further	investigation	might	therefore	be	needed	to	improve	the	
atlas	use	frequency	and	efficacy.
	 The	only	other	study	describing	CTV	delineation	variation	in	rectal	cancer	is	the	pilot	
study	of	Fuller	et	al.	[6].	In	their	study	a	single	T3N0M0	case	was	delineated	according	
to	the	RTOG	atlas	[5].	A	direct	comparison	to	our	study	is	complex,	since	the	RTOG	atlas	
requires	a	different	CTV,	as	described	above.	Although	different	delineation	guidelines	
were	 used,	 their	 study	 also	 suggested	 that	 delineation	 variation	 is	 one	 of	 the	major	
uncertainties	compared	to	other	geometric	uncertainties	in	rectal	cancer	radiotherapy.	
In	addition,	they	also	suggested	that	delineation	guidelines	and	an	atlas	can	be	used	to	
reduce	delineation	variation.	
	 Since	 the	 delineation	 variation	 in	 phase	 2	 was	 still	 a	 major	 source	 of	 geometric	
uncertainty,	a	further	reduction	of	this	variation	is	preferred.	Besides	re-evaluation	of	the	
defined	guidelines,	addition	of	multiple	modalities	might	reduce	delineation	variation,	as	
has	been	proven	for	other	treatment	sites	[18,	19].	There	is	one	study	available	in	rectal	
cancer	target	volume	delineation	showing	FDG-PET	use	resulted	in	reduced	variation	for	
delineation	of	the	GTV	[20].	However,	for	the	CTV,	mainly	an	elective	target	volume,	the	
FDG-PET	has	no	additional	value.	
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	 Magnetic	resonance	images	are	currently	used	for	rectal	cancer	staging,	determining	
the	 surgical	 procedure,	 assessing	 the	 circumferential	 resection	margin	 and	 the	nodal	
status	[21,	22].	For	target	volume	delineation	MR	scans	are	used	less	often,	while	it	is	
assumed	to	be	superior	for	localization	of	the	mesorectal	fascia	interface	and	the	pre-
sacral	space	[4].	For	delineation	of	the	GTV	in	 low	rectal	cancer	MRI	has	been	shown	
to	be	superior	to	CT	delineation	[23].	To	enable	CTV	delineation	on	MR	for	treatment	
planning,	image	fusion	with	the	planning	CT	is	needed,	since	most	treatment	planning	
systems	still	require	a	CT	scan.	Problems	could	occur	when	large	anatomic	differences	
exist	between	both	scans.	In	the	current	study	no	co-registration	between	the	MR	and	
CT	scans	was	provided	due	to	the	anatomical	differences.	Benefit	and	disadvantages	of	
MR	scan	usage	was	therefore	limited	in	the	current	study.	With	the	superior	soft-tissue	
contrast	in	MR	images	we	estimate	a	large	potential	benefit	for	addition	of	co-registered	
images	during	target	volume	delineation.

Conclusions
Target	 volume	 delineation	 is	 generally	 only	 performed	 once	 per	 patient	 and	 has	
therefore	impact	on	every	treatment	fraction.	Large	variation	was	found	in	clinical	target	
volume	 delineation	 between	 radiation	 oncologists	 for	 pre-operative	 radiotherapy	 of	
rectal	cancer	patients.	In	this	study	a	reduction	of	delineation	variation	was	achieved	by	
establishing	national	consensus	guidelines	and	a	digital	delineation	atlas.	This	resulted	
in	delineation	variation	of	0.74,	0.54,	0.25	and	0.46	cm	SD	for,	respectively,	the	anterior,	
lateral,	posterior	and	the	sphincter	region.	Resulting	errors	were	comparable	to	the	other	
major	systematic	geometric	uncertainty,	shape	variation	of	the	clinical	 target	volume.	
With	resulting	delineation	variation	still	being	one	of	the	major	geometric	uncertainties	
there	is	room	for	further	improvement.
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Appendix 4.1
Guidelines	for	clinical	target	volume	(CTV)	delineation	in	early	stage	rectal	cancer	(T1-3,	
N0-N1)	to	be	treated	with	pre-operative	5	x	5	Gy	RT	

Besides	the	tumor	and	suspected/involved	lymph	nodes	plus	a	margin,	the	CTV	can	be	
divided	into	4	different	areas:	the	lymph	node	area’s	around	the	iliac	vessels,	obturator	
regions,	the	mesorectum	and	the	pre-sacral	region.

Mesorectum: 
•	 caudal	border:	
	 	 LAR:	at	least	4	cm	caudal	of	the	primary	tumor	
	 	 APR:	anus/sphincter	complex,	with	1	cm	circular	margin	
•	 cranial	border:	at	the	level	where	the	rectum	curves	ventrally	and	forms	the	sigmoid	
•	 ventral	en	dorsal	border:	mesorectal	fascia	(excluding	small	bowel)
•	 lateral	border:	mesorectal	fascia
Iliac lymph node regions (lateral left and right): 
•	 caudal	border:	the	level	where	the	internal	iliac	vessel	crosses	the	piriform	muscle	
•	 cranial	border:	caudal	side	of	the	division	of	the	vena	iliaca	communis
•	 ventral	border:	7	mm	ventral	of	the	internal	iliac	vessel	
•	 lateral	border:	pelvic	wall	muscles	
•	 dorso-medial	border:	mesorectal	border
Obturator regions (lateral left and right):	only	included	when	the	primary	tumor	<10	

cm	from	the	anus	
•	 caudal	border:	at	the	level	where	the	ureter	inserts	the	bladder	
•	 cranial	border:	up	until	where	the	obturator	muscle	is	visible
•	 ventral	border:	ureter,	unless	there	is	a	large	concentration	of	small	vessels	ventrally	

of	the	ureter,	then	these	small	vessels	also	need	to	be	included	
•	 lateral	border:	pelvic	wall	muscles
•	 dorso-medial	border:	mesorectal	border,	avoid	seminal	vesicles,	uterus	and	vagina
•	 dorsal	border:	ventral	border	of	the	iliac	lymph	node	region
Pre-sacral region:	area	between	the	iliac	vessels	and	also	drain	area	of	the	a.	rectalis	

superior
•	 caudal	border:	cranial	border	of	the	mesorectum	
•	 cranial	border:	cranial	border	of	the	iliac	lymph	node	region	
•	 ventral	border:	2	cm	ventral	van	het	sacrum,	measured	perpendicular	to	the	sacrum	

(superior	rectal	artery		has	to	be	included	in	this	region)
•	 lateral	border:	Iliac	lymph	node	regions
•	 dorsal:	pelvic	wall	muscles,	neuro	foramen	not	included
GTV to CTV:
•	 for	tumor	take	a	uniform	margin	of	1.0	cm
•	 for	suspected	or	involved	lymph	nodes	take	a	uniform	margin	of	0.5	cm
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Abstract

Purpose
The	aim	of	this	study	was	to	determine	whether	and	where	the	radiotherapy	(RT)	clinical	
target	volume	(CTV)	could	be	reduced	in	short-course	preoperative	treatment	of	rectal	
cancer	patients.	

Material and methods
Patients	treated	in	the	Dutch	total	mesorectal	excision	trial	with	a	local	recurrence	were	
analyzed.	For	94	(25	who	underwent	radiation	therapy	69	who	did	not)	out	of	the	114	
patients	with	a	local	recurrence	the	location	of	the	recurrence	was	depicted	in	a	three	
dimensional	(3D)	model.	The	data	in	the	3D	model	were	correlated	to	the	clinical	trial	
data	to	distinguish	a	group	of	patients	eligible	for	CTV	reduction.	Effects	of	CTV	reduction	
on	dose	to	the	small	bowel	was	tested	retrospectively	 in	a	dataset	of	8	patients	with	
3-field	conformal	plans	and	intensity-modulated	RT	(IMRT).

Results
The	use	of	preoperative	RT	mainly	reduces	anastomotic,	lateral	and	perineal	recurrences.	
In	patients	without	primary	nodal	involvement	no	recurrences	were	found	cranially	of	
the	S2-S3	interspace,	irrespective	of	the	delivery	of	RT.	In	patients	without	primary	nodal	
involvement	and	a	negative	circumferential	resection	margin	(CRM)	only	one	recurrence	
was	 found	cranial	of	 the	S2-S3	 interspace.	With	a	cranially	 reduced	CTV	 to	 the	S2-S3	
interspace	over	60%	reduction	in	absolute	small	bowel	exposure	at	dose	levels	from	15	
to	35	Gy	could	be	achieved	with	3-field	conventional	RT,	increasing	to	80%	when	IMRT	
is	also	added.

Conclusions
The	 cranial	 border	 of	 the	 CTV	 can	 safely	 be	 lowered	 for	 patients	 without	 expected	
nodal	or	CRM	involvement,	yielding	a	significant	reduction	of	dose	to	the	small	bowel.	
Therefore,	a	significant	reduction	of	acute	and	late	toxicity	can	be	expected.
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Introduction
The	 standard	 treatment	 for	 patients	 with	 rectal	 cancer	 has	 evolved	 to	 preoperative	
(chemo-)	 radiation	 followed	 by	 a	 total	mesorectal	 excision	 (TME)	 [1–3].	 For	 patients	
with	clinically	resectable	adenocarcinoma	of	the	rectum,	short-course	radiation	therapy	
(RT)	of	5	x	5	Gy,	followed	by	a	TME,	can	be	used	to	reduce	the	local	recurrence	rate	to	
approximately	6%	[1–3].	
	 Major	 disadvantage	 of	 using	 RT	 is	 an	 increase	 in	 acute	 and	 late	 toxicity	 such	 as	
faecal	incontinence,	impaired	sexual	functioning,	and	late	small	bowel	obstruction	that	
requires	surgery	[4–9].	The	major	cause	of	toxicity	can	be	found	in	the	dose	to	the	small	
bowel	[7–15].	It	is	especially	the	volume	of	small	bowel	that	receives	more	than	15	Gy	
that	is	predictive	of	acute	complications	[10,	11].	For	long-term	toxicity,	only	dose	effect	
relationships	have	been	studied	for	conventional	treatment	with	postoperative	RT	of	25	
x	2Gy	[12,	13].	In	these	studies,	especially	high-dose	levels	of	45	to	50	Gy	to	large	bowel	
volumes	were	found	to	be	predictive	of	 late	toxicity.	For	short-course	RT,	with	an	α/β	
ratio	of	3,	correction	to	2	Gy	per	fraction	equivalent	dose,	these	high,	small	bowel	doses	
are	hardly	reached.	Birgisson	et	al.	 [9],	however,	showed	that	short-course	treatment	
with	two-field	anterior–posterior	beams,	and	treatment	with	higher	energies	increase	
the	risk	of	small	bowel	obstruction.	This	also	implies	that	for	late	toxicity,	the	dose	to	
the	 small	 bowel	 has	 a	 significant	 impact.	 The	 complexity	 in	 establishing	 dose-effect	
relationships	for	late	toxicity	is	shown	in	the	Swedish	trial,	where	a	follow-up	of	8	years	
was	needed	to	prove	that	addition	of	preoperative	RT	increases	the	risk	of	small	bowel	
obstruction	[7].
	 In	the	Swedish	trial,	the	upper	border	of	the	treatment	fields	was	the	mid-L4,	while	
this	was	at	the	promontory	in	later	trials	[1,	3].	Due	to	this	change,	the	dose	to	the	small	
bowel	 has	 already	 significantly	 decreased.	Modern	 RT	 techniques,	 such	 as	 intensity-
modulated	 radiotherapy	 (IMRT),	 can	 be	 used	 to	 create	 conformal	 dose	 distributions,	
reducing	the	exposure	even	further	[16,	17].	
	 Besides	more	conformal	treatment	planning,	it	might	also	be	possible	to	revise	the	
currently	accepted	definition	of	the	clinical	target	volume	(CTV)	in	certain	cases.	Roels	
et	al.	[18]	and	the	RTOG	consensus	panel	[19]	both	developed	contouring	atlases	which	
can	be	used	to	guide	the	delineation	of	the	CTV	for	IMRT	treatment.	In	general,	coverage	
of	the	tumor,	involved	lymph	nodes,	the	mesorectum,	and	the	perirectal,	presacral,	and	
internal	iliac	lymph	node	regions	is	advised.	Roels	et	al.	[18]	developed	their	atlas	based	
on	literature	about	patterns	of	local	recurrences	to	come	to	a	general	definition	of	the	
CTV.	In	certain	subgroups,	however,	a	smaller	CTV	might	also	be	sufficient	[20,	21].	
	 To	fully	explore	the	possibilities	for	CTV	reduction,	the	patient	data	from	the	Dutch	
TME	 trial	 [1]	were	 used	 to	 perform	a	 three-dimensional	 analysis	 of	 patterns	 of	 local	
recurrence.	Also,	the	potential	benefit	in	terms	of	small	bowel	dose	was	determined	by	
a	planning	study	of	reduction	of	the	CTV.
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Material and methods
Patients
Patients	 were	 derived	 from	 the	 Dutch	 TME	 trial,	 a	 randomized	 multicenter	 study	
analyzing	the	effect	of	5	x	5	Gy	RT	in	patients	who	had	undergone	TME	(RT+	patients),	
compared	to	patients	who	had	undergone	TME	alone	(RT-	patients).	 Inclusion	criteria	
for	the	study	were	primary	adenocarcinoma	of	the	rectum,	with	the	tumor	within	15	
cm	from	the	anal	verge,	without	evidence	of	metastatic	disease	or	fixation	of	the	tumor.	
	 For	RT	 treatment,	 the	CTV	 included	 the	primary	 tumor	and	 the	mesorectum	with	
vascular	 supply	 containing	 the	 perirectal,	 presacral,	 and	 internal	 iliac	 nodes.	 The	
recommended	 upper	 border	was	 at	 the	 level	 of	 the	 promontory.	 The	 perineum	was	
included	if	a	abdominoperineal	resection	(APR)	was	planned,	whereas	the	lower	border	
was	3	cm	above	the	anal	verge	if	the	planned	operation	was	an	low	anterior	resection	
(LAR).	Three-	or	four-field	conformal	treatment	techniques	were	used.	
	 For	 the	 current	 study,	 only	 Dutch	 patients	 were	 selected.	 The	 following	 patient	
groups	were	excluded	from	the	analysis:	ineligible	patients	(n	=	50),	those	who	had	no	
resection	 (n	=	37),	and	 those	who	had	no	 tumor	at	operation	 (n	=	26),	 leaving	1,417	
patients	for	analysis,	with	a	total	of	114	local	recurrences	(78	RT-	and	36	RT+	patients).	
Local	recurrence	was	defined	as	rectal	cancer	recurrence	within	the	small	pelvis	which	
was	 or	 would	 have	 been	 covered	 by	 the	 RT	 treatment.	 Recurrences	 were	 clinically,	
radiologically,	or	histologically	diagnosed	and	reviewed	by	a	team	of	two	radiologists,	
one	radiation	oncologist,	and	one	surgeon.	

Recurrence modeling 
For	 all	 recurrences,	 the	 trial	 data	 were	 reviewed	 to	 verify	 the	 exact	 location	 of	 the	
recurrence.	 	 The	 locations	 were	 retrieved	 from	 CT	 scans,	 magnetic	 resonance	 (MR)	
scans,	 or	 diagnostic	 reports	 of	 the	 recurrences	 (e.g.	 sigmoidoscopy	 for	 anastomotic	
recurrences).	 Each	 recurrence	 was	 subsequently	 manually	 placed	 in	 a	 reference	 CT	
scan	of	a	typical	rectal	cancer	patient,	using	 in-house-developed	software.	Placement	
of	 the	 recurrences	was	 based	 on	 bony	 landmarks	 and	 soft	 tissue	 landmarks	 such	 as	
the	prostate,	uterus,	or	bladder.	The	center	of	recurrences	was	used	as	location	in	the	
model,	assuming	that	recurrences	grow	radially.	All	recurrences	were	linked	to	the	trial	
database,	providing	the	ability	to	query	the	trial	database	and	visualize	the	locations	of	
the	recurrences.
 
Recurrence analysis
In	 the	 recurrence	 analysis,	 the	 original	 tumor	 distance	 from	 the	 anal	 verge,	 tumor	
stage,	nodal	stage,	number	of	examined	lymph	nodes,	type	of	surgery,	circumferential	
resection	margin	(CRM),	gender,	and	distal	margin	were	measured.	These	variables	were	
used	to	identify	a	possible	group	of	patients	for	which	the	CTV	could	be	reduced.
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CTV reduction analysis
The	effect	of	CTV	reduction	on	the	dose	to	the	small	bowel	was	determined	by	means	of	
a	planning	study.	Eight	patients,	scanned	in	the	supine	position	with	small	bowel	contrast	
and	a	full	bladder	protocol,	were	selected.	Patients	were	selected	to	have	at	 least	15	
Gy	exposure	 to	 the	 small	 bowel	with	a	 conventional	 three-field	 conformal	 treatment	
plan.	For	all	patients,	two	CTVs	were	delineated:	one	according	to	the	recommendations	
of	Roels	et	al.	[18]	(CTV_conv),	and	a	reduced	CTV	based	on	the	findings	of	this	study	
(CTV_small).	 Both	CTVs	were	expanded	by	 a	uniform	10-mm	PTV	margin	 to	 create	 a	
PTV_conv	and	a	PTV_small.	Both	a	three-field	conformal	plan	and	a	seven-field	 IMRT	
plan	were	calculated	using	these	PTVs	for	treatment	with	5	x	5	Gy.	
	 For	comparison	between	the	different	treatment	plans,	each	loop	of	small	bowel	was	
delineated,	and	the	biological	equivalent	dose	(α/β	ratio	of	3)	to	the	absolute	volume	was	
calculated	in	steps	of	5	Gy	[10,	11].	The	achieved	reduction	of	dose	to	the	small	bowel	
for	both	IMRT	plans	and	the	PTV_small	plan	compared	to	the	three-field	PTV_conv	plan	
were	tested	for	significance	using	a	two-tailed	paired	Student’s	t	test	(p<0.05).

Table 5.1:	Clinical	and	pathological	characteristics
All	patients Modeled local recurrences

RT-
N	=	704

RT+
N	=	713

RT-
N	=	69

RT+
N	=	25

Age (yrs)
Median	(range) 66	(23-92) 64	(26-88) 66	(43-83) 62	(26-82)

Sex	(%)	
Male

Female
445	(63)
259	(37)

461	(65)
252	(35)

39	(57)
30	(43)

20	(80)
5	(20)

Distance from anus (%)
						<			5	cm
			5	–	10	cm
						>	10	cm

228	(32)
275	(39)
201	(29)

207	(29)
301	(42)
205	(29)

25	(36)
32	(46)
12	(18)

15	(60)
6	(24)
4	(16)

Resection type (%)
LAR
APR

Hartmann

453	(64)
218	(31)
33	(		5)

451	(63)
218	(31)
44	(		6)

39	(56)
26	(38)
4	(		6)

11	(44)
13	(52)
1	(		4)

T-stage (%)
T1
T2
T3
T4

35	(		5)
218	(31)
419	(60)
32	(		4)

44	(		6)
244	(34)
406	(57)
19	(		3)

0	(		0)
7	(10)
58	(84)
4	(		6)

0	(		0)
3	(12)
19	(76)
3	(12)

N-stage (%)
N0
N1
N2

401	(57)
161	(23)
142	(20)

428	(60)
161	(23)
124	(17)

18	(26)
27	(39)
24	(35)

8	(32)
6	(24)
11	(44)

CRM (%)
Negative
Positive

563	(80)
141	(20)

587	(82)
126	(18)

47	(68)
22	(32)

13	(52)
12	(48)
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Results
Patients
For	94	(69	RT-	and	25	RT+	patients)	of	114	patients,	 it	was	possible	to	determine	the	
location	of	the	recurrence	with	certainty	(Table	5.1).	Primary	nodal	stage	was	classified	
into	node	negative	(N0),	up	to	four	positive	nodes	(N1),	and	four	or	more	positive	nodes	
(N2).	Primary	tumor	location	was	classified	into	low	(≤5	cm	from	the	anal	verge),	mid	
(5–10	cm	from	the	anal	verge),	and	high	(>10	cm	from	the	anal	verge)	tumors.	
	 Of	the	20	missing	recurrences	in	the	model,	11	recurrences	were	from	the	RT+	group,	
of	which	2,	6,	and	3	patients	had	nodal	stage	N0,	N1,	and	N2,	respectively.	Five,	4,	and	
2	of	them	had	a	low-,	mid-,	and	high-rectum	tumor,	respectively.	For	the	9	patients	in	
the	RT-	group,	nodal	stage	was	divided	into	1,	7,	and	1	for	N0,	N1,	and	N2,	respectively.	
Primary	tumor	locations	were	3	low-,	5	mid-,	and	1	high-rectum.	

Recurrences
In	Fig.	5.1,	the	recurrence	locations	are	colored	according	to	the	primary	tumor	distance	
from	the	anal	verge	for	CRM+	and	CRM-	patients.	As	can	be	appreciated	in	Fig.	5.1,	the	
addition	of	RT	 reduces	 the	amount	of	anastomotic,	 lateral,	and	perineal	 recurrences.	
Interestingly,	 a	 CRM+	 does	 not	 necessarily	mean	 that	 the	 recurrence	 appears	 at	 the	
same	level	as	the	primary	tumor.	The	most	cranial	recurrences	were	presacral,	with	the	
highest	recurrence	halfway	to	the	level	of	S1,	which	was	easily	covered	by	the	RT	fields	
used.	Interestingly,	the	most	cranial	recurrences	originated	from	tumors	less	than	5	cm	
from	the	anal	verge.	In	addition,	these	cranial	recurrences	originated	from	patients	with	
primary	nodal	involvement	(Fig.	5.2)	and	a	positive	CRM.	The	most	cranial	recurrence	for	
N0	and	CRM-	patients	was	found	at	the	junction	between	S2	and	S3	in	the	RT+	group	and	
at	the	level	of	S3	in	the	RT-	group.	

Fig. 5.2:	Overview	of	the	recurrence	locations	for	the	RT+	(left)	and	the	RT	patients	(right)	stratified	
for	nodal	stage,	N0	(lime),	andN+	(red)	in	an	anterior-left	view.	The	red	plane	indicates	the	cranial	
border	of	the	treatment	fields	used	in	the	trial.
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	 For	 tumor	stage,	gender,	and	distal	margin,	no	obvious	classification	 for	RT	 target	
volume	reduction	was	found	(not	shown).	Recurrences	in	patients	operated	with	a	LAR	
procedure	were	found	mainly	in	the	presacral	and	anastomotic	regions,	while	in	patients	
with	an	APR	of	Hartmann	resection,	recurrences	were	found	in	all	regions	(Fig.	5.3).	
	 Since	 for	 patients	 in	 the	 RT-	 group	 recurrences	were	 found	more	 caudally	 in	 the	
perineal	region	compared	to	the	RT+	group,	caudal	CTV	reduction	was	not	investigated.

Fig. 5.1:	Overview	of	the	recurrence	locations	for	the	RT+	(left)	and	the	RT-	patients	(right),	with	
a	negative	CRM	(top)	and	a	positive	CRM	(bottom)	stratified	for	primary	tumor	distance	from	the	
anal	verge	of	<5	cm	(aqua),	5–10	cm	(lime),	and	>10	cm	(red)	in	an	anterior-left	view.	The	red	plane	
indicates	the	cranial	border	of	the	treatment	fields	used	in	the	trial.	The	purple	plane	indicates	the	
level	of	the	S2–S3	interspace.
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Fig. 5.4:	Sagittal	view	of	the	CTV_conv	and	PTV_conv	(black)	and	the	reduced	
CTV_small	and	PTV_small	(white)	of	one	exemplary	patient.	The	dotted	line	
denotes	the	S2–S3	interspace.

Fig. 5.3:	Overview	of	the	recurrence	locations	for	the	RT+	(left)	and	the	RT	patients	(right)	stratified	for	type	of	
surgery,	LAR	(aqua),	APR	(lime),	and	Hartmann	(red)	in	an	anterior-left	view.
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CTV reduction analysis
Based	 on	 the	 recurrence	 patterns	 of	 both	 irradiated	 and	 nonirradiated	 patients,	 a	
reduction	of	the	cranial	border	 in	a	subgroup	of	patients	seemed	justified.	Therefore,	
the	effect	of	a	CTV	reduction	cranially	to	the	level	of	the	S2/S3	junction	was	analyzed.	
This	proposed	CTV	reduction	resulted	in	a	4.0-cm-lower	location	of	the	cranial	border	of	
the	CTV.	In	Fig.	5.4,	a	sagittal	view	of	the	delineated	CTV_conv	and	PTV_conv	in	black	and	
CTV_small	and	PTV_small	in	white	are	shown	for	one	patient.	
	 The	average,	minimum,	and	maximum	absolute	volume	of	small	bowel	exposed	in	the	
conformal	three-field	plans	on	the	PTV_conv	are	shown	in	Table	5.2.	The	average	relative	
volume	reduction	of	exposed	small	bowel	with	the	use	of	the	three-field	PTV_small	plan	
and	both	IMRT	plans	is	shown	in	Fig.	5.5.	Lowering	the	upper	border	of	the	CTV	for	the	
conformal	treatment	plan	reduced	the	V15	with	65%,	which	is	significantly	more	than	
changing	from	conformal	plans	to	IMRT	plans	(31%,	p	=	0.02).	Combining	IMRT	with	the	
CTV	reduction	gave	the	largest	relative	reduction	in	V15	with	an	average	of	78%	(range,	
40–100).

Discussion
This	is	the	first	study	to	evaluate	local	recurrences	in	rectal	cancer	patients	fully	in	three	
dimensions,	comparing	preoperative	short-term	RT	plus	TME	with	TME	treatment	alone.	
The	aim	of	the	study	was,	based	on	the	shown	recurrence	patterns,	to	 identify	if	and	
for	which	patients	 the	 clinical	 target	 volume	 could	be	 reduced.	We	have	 shown	 that	
the	most	cranial	recurrences	were	located	a	few	centimeters	caudal	of	the	promontory,	
irrespective	of	RT	or	not.	For	patients	without	primary	nodal	and	CRM	involvement	the	
most	cranial	recurrences	were	located	at	the	level	of	the	S2–S3	interspace.	We	therefore	
suggest	that	the	cranial	CTV	border	can	be	lowered	in	early	rectal	cancers.

Recurrences and field reduction
In	our	series,	the	majority	of	local	recurrences	were	located	at	the	lower	two-thirds	of	
the	pelvis.	No	clear	correlation	could	be	found	between	the	level	of	the	local	recurrence	
and	the	location	of	the	primary	tumor	(Fig.	5.1).	For	patients	with	a	positive	CRM,	the	
location	of	the	recurrence	did	not	correlate	with	the	primary	tumor	location.	In	addition,	
tumor	stage,	gender,	and	distal	margin	also	did	not	show	any	clear	correlations.	In	patients	

Table 5.2:	Absolute	volume	of	small	bowel	exposed	in	the	conformal	3-field	plan	
on	the	PTV_conv	after	correction	with	α/β	=	3
Average	(cc) Minimum	(cc) Maximum	(cc)

5	Gy 342 58 699
10	Gy 164 27 400
15	Gy 84 13 232
20	Gy 69 8 213
25	Gy 59 5 192

30	Gy 52 4 175
35	Gy 45 2 160
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with	an	LAR,	however,	most	recurrences	were	located	centrally	and	presacrally,	whereas	
after	APR	and	Hartmann	resections,	widespread	recurrences	developed	throughout	the	
pelvis	(Fig.	5.3).
	 As	shown	in	Fig.	5.2,	local	recurrences	in	patients	with	N0	primary	disease	all	recurred	
below	the	level	of	S2,	except	for	1	patient	in	the	RT+	group.	For	this	patient,	only	two	
lymph	nodes	were	examined	after	the	TME,	making	the	N0	status	debatable.	After	CRM	
in	both	groups,	only	one	 local	 recurrence	occurred	above	the	S2–S3	 interspace	 level.	
These	results	might	be	influenced	by	the	recurrences	missing	in	our	analyses.	However,	
only	one	of	the	missing	patients	in	the	RT-	group	was	diagnosed	with	N0	primary	disease	
and	 a	 negative	CRM.	All	 other	missing	 patients	 had	CRM+,	N+,	 or	 both.	 The	missing	
patients	would	therefore	be	of	minor	influence	in	the	model.
	 The	 recurrence	patterns	 found	are	 in	accordance	with	 the	data	of	 Syk	et	 al.	 [20],	
in	which	75%	of	the	recurrences	were	located	in	the	lower	two-thirds	of	the	pelvis.	In	
their	study,	the	cranial	border	of	the	RT	fields	could	be	lowered	from	1.5	cm	above	the	
promontory	to	3.5	cm	below	the	promontory	while	still	covering	all	 local	recurrences,	
which	 is	 similar	 to	 the	 proposed	 reduction	 in	 this	 study.	 These	 comparable	 findings	
underline	the	fact	that	the	cranial	CTV	border	of	node-	and	CRM-negative	patients	does	
not	have	to	be	at	the	level	of	the	promontory.	Obviously,	this	CTV	reduction	should	be	
carefully	applied	in	very	high	tumors,	where	lowering	the	upper	border	would	exclude	
the	gross	tumor	volume	from	the	target	volume.
	 Obviously,	 we	 can	 only	 make	 such	 recommendations	 if	 identification	 of	 nodal	
involvement	 and	 CRM	 can	 be	 done	 reliably	 before	 treatment.	 Several	 studies	 have	
demonstrated	 that	 with	 the	 use	 of	 MR	 for	 staging	 of	 lymph	 node	 involvement,	 a	
specificity	of	about	80%	can	be	reached,	especially	in	combination	with	ultrasound	and	
if	heterogeneity	of	intensity	and	the	aspect	of	the	border	are	taken	into	account	[22–24].	
It	is,	however,	often	debated	that	most	of	these	studies	have	been	performed	by	expert	
radiologists	 and	 that	 population-based	 outcomes	may	 be	 worse.	 As	 a	 consequence,	
some	of	 the	presumably	node-negative	patients	may	demonstrate	nodal	 involvement	
after	 treatment.	 Prediction	 of	 a	 positive	 CRM	 based	 on	 high-resolution	MRI	 is	more	
accurate,	with	a	specificity	of	about	90%	[25–27].	
	 If	N+	patients	are	falsely	selected	for	CTV	reduction,	the	effect	is	still	minor	in	terms	
of	the	recurrence	rate.	For	N+	patients,	five	recurrences	were	located	at	or	above	the	
S2/S3	junction	(2	RT+	and	3	RT	patients).	In	addition,	4	of	these	5	patients	had	a	positive	
CRM,	 suggesting	 locally	 advanced	 disease.	 It	 will	 be	 clear	 that	 lowering	 the	 upper	
border	in	these	patients	is	not	a	safe	option.	However,	if	we	consider	N+	patients	with	a	
negative	CRM,	only	one	recurrence	was	located	above	the	level	of	S2.	Moreover,	in	the	
nonirradiated	node-positive	group,	8	patients	were	missing,	of	whom	5	had	a	positive	
CRM.	 So,	 for	 patients	without	 signs	of	 CRM	 involvement	on	 the	MRI,	 a	maximum	of	
three	extra	 recurrences	 could	be	expected	when	 reducing	 the	CTV,	assuming	 that	all	
these	recurrences	were	located	above	the	S2–S3	interspace.	Therefore,	even	if	some	of	
the	node-negative	patients	are	misclassified	before	treatment,	the	risk	of	an	increased	
number	of	local	recurrences	due	to	CTV	reduction	for	patients	with	presumably	node-
negative	disease	without	CRM	involvement	is	very	small.	
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	 Since	MRI	is	accurate	in	diagnosing	a	close	or	involved	CRM	[25–27],	we	conclude	
that	combining	nodal	and	CRM	status	for	the	selection	of	patients	in	whom	the	CTV	can	
be	reduced	will	hardly	lead	to	an	increase	in	the	number	of	local	recurrences.	

Field reduction effect
Given	the	fact	that	37%	of	the	patients	 in	the	trial	were	diagnosed	with	N0	and	CRM	
disease	 and	 a	 tumor	 within	 10	 cm	 from	 the	 anal	 verge,	 CTV	 reduction	 for	 patients	
without	expected	nodal	and	CRM	involvement	will	have	a	significant	effect	on	potential	
side-effects	in	the	treatment	of	rectal	cancer.
	 In	the	TME	trial	for	the	RT+	group,	significantly	increased	rates	of	fecal	incontinence,	
pad	wearing	as	a	result	of	incontinence,	anal	blood	loss,	and	mucus	loss	were	reported	
[6].	 Satisfaction	 with	 bowel	 function	 was	 also	 significantly	 lower,	 and	 the	 impact	 of	
bowel	dysfunction	on	daily	activities	was	greater	[6].
	 Several	studies	have	shown	that	the	dose	to	the	small	bowel	 is	the	main	cause	of	
acute	and	late	toxicity	[4–15].	Clear	correlations	between	dose	reduction	and	a	decline	
in	acute	and	late	toxicity	are	not	found.	However,	for	acute	toxicity,	Robertson	et	al.	[11]	
demonstrated	that	patients	with	more	than	120	cc	of	small	bowel	exposed	to	15	Gy	had	
a	38%	chance	of	developing	grade	3	diarrhea,	while	9%	of	the	patients	did	with	lower	
exposure.	For	late	toxicity	such	a	dose-effect	relationship	has	not	been	established	with	
modern	radiotherapy	techniques.	Gallagher	et	al.	[12]	found	in	1986	a	critical	level	of	
45	Gy	to	78	cc	and	50	Gy	to	17	cc	of	the	small	bowel	were	predictive	for	late	effects	in	
postoperative	RT	treatment.	Letschert	[13]	showed	afterwards,	at	the	same	dose	levels,	
that	a	small	bowel	volume	increase	by	a	factor	of	2,	demands	a	total	dose	reduction	of	

Fig. 5.5:	Average	relative	volume	reduction	of	exposed	small	bowel	relative	to	the	conformal	
three-field	 treatment	plan	on	 the	PTV_conv.	The	error	bars	denote	 the	 range	of	 volume	
reduction	found	in	the	dataset	of	8	patients.
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17%	for	the	same	complication	rate.	For	short-course	radiotherapy,	Birgisson	et	al.	[9]	
showed	that	treatment	with	two	anterior–posterior	beams	or	higher	energies	increases	
the	risk	of	small	bowel	toxicity.	Consequently,	it	seems	logical	to	assume	that	reduced	
dose	and	volume	to	the	small	bowel	will	lead	to	reduced	late	toxicity.
	 Reduction	of	dose	to	the	small	bowel	has	already	been	accomplished	in	several	ways.	
Patients	can	be	treated	in	the	prone	position,	with	or	without	the	use	of	a	belly	board,	
to	reduce	the	amount	of	small	bowel	in	the	high-dose	region	[28–30].	Patients	are	also	
given	 drinking	 instructions	 to	 increase	 bladder	 filling,	 thus	 pushing	 the	 small	 bowel	
away	from	the	high-dose	region	[30].	Combining	these	measures	with	the	use	of	IMRT	
reduces	exposure	to	the	organ	at	risk	even	further	[16,	17].	The	8	patients	used	in	the	
dose	reduction	study	were	scanned	in	the	supine	position	with	a	full	bladder	protocol.	
Patients	in	our	study	were	selected	retrospectively	based	on	the	assumption	that	they	
would	 receive	 at	 least	 15	 Gy	 to	 the	 small	 bowel	 with	 a	 three-field	 conformal	 plan.	
However,	the	volumes	receiving	this	dose	level	were	on	average	smaller	than	the	150	
or	120	cc	risk	volume	as	stated	by	Baglan	et	al.	[10]	and	Robertson	et	al.	[11].	This	was	
mainly	due	to	good	compliance	with	the	full	bladder	protocol,	with	an	average	bladder	
volume	of	426	cc.	Somewhat	lower	exposed	small	bowel	volumes	could	be	expected	if	
patients	would	have	been	scanned	in	the	prone	position,	but	this	effect	would	be	minor	
in	 comparison	with	 the	 reduced	CTV	 and/or	 the	use	of	 IMRT.	 The	 reducing	 effect	 of	
IMRT	on	small	bowel	exposure	is	shown	in	Fig.	5.5,	where	at	the	15	Gy	dose	level,	an	
average	31%	reduction	was	shown	compared	to	conformal	three-field	treatment	plans.	
The	 reduction	of	 the	CTV	was,	however,	 significantly	more	effective,	with	an	average	
reduction	of	65%.	As	with	all	measures	to	reduce	small	bowel	exposure,	the	combination	
of	measures	led	to	the	most	relative	volume	reduction	of	78%.	Therefore,	both	measures	
can	be	expected	to	give	a	significant	reduction	in	small	bowel	toxicity,	both	acute	and	
late.	However,	prospective	studies	are	needed	to	confirm	this	statement,	especially	for	
late	toxicity.	Based	on	the	results	of	the	Swedish	studies,	a	follow-up	of	at	least	8	years	is	
necessary	for	reliable	conclusions.

Limitations of the study
In	this	study,	96	of	the	114	recurrence	locations	were	modeled.	As	shown	in	the	discussion,	
the	missing	recurrences	in	the	model	would	probably	only	have	small	influences	on	the	
established	results,	especially	for	patients	without	nodal	involvement.	Therefore,	we	can	
assume	that	CTV	reduction	for	patients	without	nodal	or	CRM	involvement	is	feasible.	
	 Recurrence	locations	were	modeled	according	to	bony	anatomic	landmarks	and	soft	
tissue	 landmarks,	 such	 as	 the	prostate,	 uterus,	 or	 bladder,	 from	CT	 scans,	MR	 scans,	
or	diagnostic	reports	of	the	recurrences.	The	center	of	the	recurrence	was	assumed	to	
be	the	origin	of	the	recurrence.	Based	on	these	methods,	 the	accuracy	of	recurrence	
placement	in	the	model	can	be	expected	to	be	on	the	order	of	1	to	2	cm,	rather	than	on	
the	order	of	millimeters.	The	results	of	this	study	would,	however,	not	be	significantly	
influenced	 by	misplacement	 of	 the	 recurrences	 due	 to	 the	 fact	 that	 the	majority	 of	
recurrences	were	located	in	the	lower	two-thirds	of	the	pelvis.



| 89

3D analysis of recurrence patterns in rectal cancer

	 The	8	patients	selected	for	demonstration	of	the	dose	reduction	effect	were	selected	
to	receive	at	least	15-Gy	exposure	to	the	small	bowel.	Already	within	the	8	patients,	a	lot	
of	variation	in	exposed	small	bowel	volume	was	found.	In	clinical	practice,	there	are	also	
patients	who	receive	no	dose	to	the	small	bowel	with	a	conventional	treatment	plan.	
For	these	patients,	no	dose	reduction	can	be	achieved.	Therefore,	the	dose	reduction	
effect	to	the	total	population	of	rectal	cancer	patients	 is	expected	to	be	smaller	than	
the	demonstrated	60	to	80%.	It	is,	however,	always	true	that	a	reduction	in	irradiated	
volume	will	lead	to	a	reduction	in	exposed	healthy	tissue.

Conclusions
The	 addition	 of	 hypo-fractionated	 preoperative	 RT	 to	 the	 TME	 treatment	 of	 rectal	
cancer	patients	reduces	anastomotic,	lateral,	and	perineal	recurrences.	In	patients	with	
a	positive	CRM,	the	tumor	 location	 is	not	necessarily	 indicative	of	the	 location	of	the	
local	recurrence.	For	patients	without	expected	lymph	nodes	or	CRM	involvement,	the	
conventional	clinical	target	volume	can	probably	be	reduced	on	the	cranial	side	to	the	
S2–S3	interspace	without	significantly	increasing	the	local	recurrence	rate.	This	reduction	
of	the	target	volume	will	have	a	significant	impact	on	the	volume	of	small	bowel	exposed	
to	high	doses.	A	 further,	 small	 reduction	of	 this	 exposed	volume	can	be	achieved	by	
applying	IMRT	in	these	patients.
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Abstract 

Purpose
To	quantify	the	day-to-day	target	volume	shape	variation	in	rectal	cancer	patients	treated	
with	preoperative	5	x	5	Gy	radiotherapy.

Material and methods
For	 27	 patients	 a	 prone	 position	 plan-CT	 (pCT)	 and	 five	 daily	 pre-treatment	 cone-
beam-CT	(CBCT)	scans	were	acquired.	A	sub-region	of	the	CTV	(MesoRect,	anus	up	to	
the	 cranial	 end	 of	 the	mesorectal-fascia)	was	 delineated	 on	 all	 scans.	 The	MesoRect	
deformation	was	quantified	by	the	distance	between	pCT-	and	CBCT-delineations	and	
was	 stored	 in	 surface-maps.	 Finally,	 the	 influence	 of	 bladder	 and	 rectum	 filling	 on	
MesoRect	deformation	was	evaluated.	Data	were	analyzed	for	male	and	female	patients	
separately.

Results
A	large	range	of	systematic	and	random	deformations,	1–7	mm	(1SD),	on	different	areas	
of	the	MesoRect	were	found.	The	maximum	deformations	were	located	at	the	upper-
anterior-side	of	the	MesoRect.	For	females	the	errors	were	up	to	3	mm	larger	than	for	
males.	Small	correlations,	r2	≤	0.4,	were	found	with	changes	in	bladder	volume.	Larger	
correlations,	r2 ≤	0.7,	were	found	for	rectal	volume	in	a	distinctive	area	in	the	upper-half	
of	the	MesoRect.

Conclusions
Substantial	and	heterogeneous	deformations	of	 the	MesoRect	were	 found.	Therefore	
different	PTV	margins	in	positions	along	the	cranio-caudal	axis,	in	the	anterior–posterior	
direction.	Margins	should	also	be	larger	for	female	patients	compared	to	male	patients.
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Introduction 
For	 primary	 resectable	 rectal	 cancer,	 total	mesorectal	 excision	 (TME)	 is	 the	 standard	
treatment	 in	many	 countries	 [1–3].	When	 a	 TME	 is	 performed	 using	 a	 standardized	
technique	 by	 a	 highly	 experienced	 group	 of	 surgeons,	 local	 recurrence	 (LR)	 rates	 as	
low	as	8%	can	be	achieved	[3,	4].	The	LR	rates	can	be	further	reduced	by	adding	pre-
operative	(chemo-)	radiation	[5–8].	
	 During	pre-operative	radiotherapy	the	small	bowel	is	the	most	important	organ	at	
risk.	Several	studies	have	shown	a	clear	relationship	between	dose	to	the	small	bowel	
and	acute	 radiation	enteritis,	 as	well	 as	 late	 toxicity,	 such	as	 chronic	diarrhea,	bowel	
stricture,	 perforation	 and	 hemorrhage	 [9–11].	 With	 the	 use	 of	 intensity-modulated	
radiotherapy	(IMRT),	it	is	possible	to	create	a	more	conformal	treatment	plan	that	has		
similar	target	coverage	and	a	large	reduction	in	dose	to	the	organs	at	risk	[12]	compared	
to	 conventional	 techniques.	 As	 a	 consequence	 of	 this	 conformality,	 it	 has	 become	
more	 critical	 to	 correctly	estimate	and	account	 for	 all	 geometrical	uncertainties.	 This	
is	especially	true	for	hypo-fractionated	treatments	like	the	5	x	5	Gy	scheme	used	in	the	
Dutch	and	Swedish	national	trials	[3,	5].	In	such	cases,	a	single	geographical	miss	can	lead	
to	a	local	under-dosage	in	a	part	of	the	target	volume	of	maximum	20%.	Geometrical	
uncertainties	 that	 need	 to	 be	 taken	 into	 account	 are	 inter-	 and	 intra-fraction	 setup	
errors,	delineation	uncertainties	and	 inter-	and	 intra-fraction	 target	volume	variation.	
Patients	are	treated	in	prone	or	supine	position,	with	the	argument	that	inter-	and	intra-
fraction	setup	errors	are	smaller	in	supine	position	compared	to	prone	position,	while	
with	treatment	 in	prone	position	the	small	bowel	 is	pushed	away	from	the	high	dose	
region,	reducing	the	dose	to	the	small	bowel	compared	to	that	in	supine	position.	Offline	
and	 online	 setup	 correction	 protocols	 are	 used	 to	 reduce	 inter-fraction	 setup	 errors.	
However,	there	are	hardly	any	data	on	delineation	variation	and	the	day-to-day	variation	
of	 the	 target	 volume	 in	 rectal	 cancer	 patients.	 Inter-observer	 variations	 in	 prostate	
cancer	patients,	which	are	assumed	to	be	easier	to	delineate,	are	 in	the	order	of	2–3	
mm	standard	deviation	[13].A	number	of	studies	published	guidelines	to	define	the	CTV	
in	 rectal	 cancer	 [14–16],	 and	 two	 studies	 [17,	18]	described	 the	displacement	of	 the	
CTV	border	on	repeat-CT	and	mega-voltage	cone-beam	CT	(CBCT)	data	in	a	treatment	
schedule	of	5	weeks	for	10	patients	each.	With	10	patients	only,	no	subgroup	analysis	
was	possible,	and	they	also	did	not	describe	the	causes	of	variation.
	 In	clinical	practice	the	lack	of	knowledge	about	uncertainties	is	 ‘‘compensated”	by	
generously	delineating	the	CTV	up	to	10	mm	outside	the	anatomical	definition,	including	
a	part	of	the	bladder,	prostate,	cervix	and	uterus	into	the	CTV	and	adding	a	PTV	margin	
on	top	of	that.
	 The	 purpose	 of	 this	 study	was	 to	 quantify	 the	 day-to-day	 shape	 variation	 of	 the	
mesorectal	fat	in	rectal	cancer	patients	treated	in	prone	position	with	hypo-fractionated	
pre-operative	 radiotherapy	 based	 on	 delineations	 on	 CBCT-scans.	 The	 influence	 of	
changes	in	rectum	and	bladder	volume	on	the	shape	of	the	CTV	was	also	quantified	as	
well	as	the	intra-fraction	setup	errors.
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Material and methods 
Patients and treatment
A	 total	of	27	patients	 treated	with	pre-operative	5x5	Gy	 radiotherapy	were	 selected.	
Patients	with	anatomical	abnormalities,	such	as	myomas,	or	previous	abdominal	surgery	
were	excluded.	The	RT	fractions	were	given	on	five	consecutive	days,	and	the	TME	was	
planned	within	5	days	after	RT.	
	 For	 each	 patient	 a	 planning	 CT	 (pCT)	was	 acquired	 in	 a	 prone	 position,	 on	 a	 flat	
table,	ranging	from	the	L2–L3	 junction	to	the	perineum	with	5	mm	slice	spacing.	The	
clinically	delineated	CTV	generously	encompassed	the	tumor	and	involved	lymph	nodes,	
the	mesorectal	fat	with	the	anal	verge	as	inferior	margin,	the	pre-sacral	lymph	nodes,	
lymph	nodes	along	the	internal	iliac	artery	and	the	superior	rectal	and	internal	obturator	
vessels.	For	patients	receiving	an	abdominoperineal	resection	the	anus	was	also	taken	
into	the	CTV.	A	10	mm	margin	was	added	to	create	the	PTV.	
	 All	patients	received	full	bladder	instructions:	they	were	asked	to	empty	their	bladder	
and	drink	250	ml	of	water	1	h	before	pCT	and	each	fraction.

Daily CBCT-scans
Daily	CBCT-scans	were	acquired	just	prior	to	treatment	for	online	setup	correction	based	
on	bony	anatomy	to	minimize	inter-fraction	setup	errors.	CBCT-scans	were	made	using	
Synergy	 3.5	 (Elekta	 SynergyTM,	 Elekta	 Oncology	 Systems	 Ltd.,	 Crawley,	 West	 Sussex,	
United	Kingdom)	over	an	arc	of	360	in	2	min.	This	yielded	a	scan	of	40	cm	in	diameter	
in	the	axial	plane,	which	ranged	12.5	cm	above	and	below	the	isocentre	on	the	cranial-
caudal	(CC)	axis.	The	isocentre	was	placed	at	the	centre	of	the	PTV.	

Intra-fraction setup errors
Because	inter-fraction	errors	were	minimized	with	online	corrections,	it	was	important	to	
quantify	intra-fraction	setup	errors	as	the	remaining	source	of	setup	uncertainty.	For	all	
but	one	patient,	a	post-treatment	CBCT-scan	was	acquired	after	each	fraction	to	assess	
the	intra-fraction	stability	of	the	patients.	Intra-fraction	setup	errors	were	determined	
as	 the	bony	anatomy	displacement	on	 the	post-treatment	CBCT-scan	with	 respect	 to	
the	pCT	after	adjustment	for	the	fact	that	pre-treatment	errors	were	only	corrected	by	
translations.

Delineation
In	this	study	three	volumes	were	delineated	on	each	pCT	and	pre-treatment	CBCT-scan:	
a	part	of	 the	CTV,	the	bladder	and	the	rectum.	Due	to	CBCT	 image	quality	and	a	 low	
expectancy	of	day-to-day	variation	in	the	nodal	regions	[17],	a	sub-part	of	the	CTV	(called	
MesoRect	in	the	remainder	of	this	study)	was	delineated.	The	MesoRect	encompassed	
the	anus	and	mesorectal	fat	starting	at	the	dentate	line	up	to	the	last	CT	slice	where	the	
lateral	borders	of	the	mesorectal	 fascia	were	still	visible	(Fig.	6.1).	The	borders	of	the	
mesorectal	 fat	were	defined	by	 the	mesorectal	 fascia.	The	caudal	border	was	chosen	
because	for	abdominoperineal	resections	the	anus	is	part	of	the	CTV	for	RT	treatment.	
The	cranial	border	was	chosen	because	it	is	the	most	cranial	anatomical	landmark	of	the	
mesorectal	fat	visible	on	both	CT	and	CBCT.	Cranially	of	the	defined	MesoRect	the	clinical	
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CTV	consists	of	the	presacral	and	iliac	lymph	node	areas.
	 The	CBCT	delineations	were	performed	after	bony	anatomy	registration	to	the	pCT.	
During	delineation	on	the	CBCT-scans,	the	MesoRect	delineation	of	the	pCT	was	available	
to	guide	the	observer	when	necessary.	All	delineations	were	performed	by	one	observer	
(R.	de	.J.)	and	evaluated	by	a	radiation	oncologist	(C.A.M.M.).	For	the	rectum	the	outer	
wall	was	delineated	from	the	dentate	line	up	to	the	sigmoid	colon.

Volume variation in bladder, rectum and MesoRect
For	the	bladder,	rectum	and	MesoRect	delineations	the	inter-patient	volume	variation	
was	calculated	by	taking	the	mean	and	standard	deviation	(SD)	over	all	scans.	
	 Differences	 between	 the	 treatment	 plan	 and	 during	 treatment	 were	 derived	 by	
comparison	of	the	volumes	on	the	pCT	and	the	average	volumes	on	the	CBCT-scans	per	
patient.	
	 To	 evaluate	 the	 volume	 variation	within	 patients,	 first	 the	 relative	 volumes	were	
calculated.	The	relative	volume	was	defined	as	the	volume	on	the	delineated	scan	divided	
by	 the	average	volume	of	 the	patient.	The	 intra-patient	variation	was	determined	by	
taking	the	SD	over	these	relative	volumes.

Fig. 6.1:	Example	of	the	MesoRect	delineation.	In	the	upper-left	corner	the	contour	of	the	most	caudal-axial	
slice;	in	the	upper-right	corner	the	middle-axial	contour	slice;	in	the	lower-left	corner	the	contour	of	second	
most	cranial-axial	slice;	in	the	lower-right	corner	a	sagittal	view	of	the	MesoRect	delineation.
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MesoRect shape variation
To	 quantify	 the	 shape	 variation	 in	 MesoRect,	 a	 modified	 version	 of	 virtual	 rectum	
unfolding	was	 used	 [19,	 20].	 The	MesoRect	 delineation	 of	 the	 pCT	was	 used	 as	 the	
reference	structure	for	each	patient.	To	overcome	limitations	in	comparison	caused	by	
differences	in	patient	size	all	pCT	MesoRect	delineations	were	re-sliced	on	the	CC	axis	into	
50	equidistant	slices.	Doing	so,	we	assumed	that	shape	variation	in	the	cranial,	middle	
and	 lower	part	of	 the	MesoRect	 could	be	 compared	between	patients,	 even	 if	 there	
was	a	difference	in	physical	CC	distance.	On	each	slice	100	equidistant	dots	were	placed	
and	numbered	starting	at	the	dorsal	side	of	the	patient.	The	dorsal	side	of	the	contour	
was	chosen	because	it	was	expected	to	be	a	reproducible	anatomical	point	for	the	pCT	
delineation	of	all	patients.	From	the	centre	of	each	dot	on	the	reference	MesoRect	the	
distance	to	the	surface	of	the	five	CBCT	delineations	was	calculated	after	bony	anatomy	
registration.	 A	 positive	 distance	was	 defined	when	 the	MesoRect	 delineation	 on	 the	
CBCT-scan	was	found	outside	the	delineation	on	the	pCT,	and	negative	when	inside.
	 The	mean	and	SD	over	the	five	distances	was	calculated	for	each	dot	and	stored	in	
2D	surface	maps.	The	horizontal	axis	of	the	maps	represents	the	100	equidistant	dots	of	
each	slice	starting	at	the	dorsal	side	via	left,	anterior	and	right	back	to	dorsal.	The	vertical	
axis	of	the	maps	represents	the	50	slices	on	the	CC	axis	from	the	anus	up	to	the	cranial	
border	of	the	MesoRect.
	 With	the	mean	and	the	SD	map	of	each	patient	the	systematic-	and	random-error	
maps	of	the	total	group	could	be	calculated	by	taking	the	SD	of	the	means	and	the	root-
mean-square	of	the	SDs,	respectively.

Influence of rectum and bladder on MesoRect
For	each	CBCT-scan	the	bladder	and	rectum	volume	difference	with	respect	to	the	pCT	
were	calculated.	The	Pearson	correlation	coefficient	was	then	calculated	between	the	
local	MesoRect	shape	changes	and	overall	bladder/rectum	volume	changes	for	each	dot	
on	the	reference	MesoRect	delineations	yielding	two	new	2D	surface	maps.	The	new	
maps	contained	the	correlation	coefficient	(r2)	between	MesoRect	shape	variation	and	
(1)	variation	in	bladder	volume	(2)	variation	in	rectal	volume.	The	r2	value	of	a	pixel	in	
the	map	represents	the	portion	of	the	MesoRect	shape	variance	that	can	be	attributed	
to	changes	in	volume	of	bladder	or	rectum.

Statistical analysis
The	anatomy	of	males	and	females	 in	 the	pelvic	area	differs	considerably.	To	validate	
whether	differences	 in	anatomy	 lead	to	a	difference	 in	MesoRect	shape	variation	the	
methods	described	above	have	been	performed	for	males	and	females	separately.
	 The	 systematic-	 and	 random-error	 maps	 for	 men	 and	 women	 were	 tested	 on	
significant	differences.	For	systematic	errors,	a	two-sided	f-test	for	each	pixel	in	the	map	
was	used	to	compare	the	SD	over	the	patient	averages	in	both	groups.	The	random-error	
maps	were	compared	by	using	a	two-sided	Student’s	t-test	for	each	pixel	to	compare	the	
average	over	the	patient	SDs	as	a	surrogate	for	the	root-mean-square	over	the	patient	
SDs.	The	level	of	significance	for	all	comparisons	was	chosen	at	p	<	0.05.
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Table 6.1:	Patient	characteristics
Characteristic Male Female

Number 17 10
Age	(yr)
Median
Range

64
48-84

62.5
50-77

Distance	of	tumor	from	
the	anal	verge	(nr)

10.1-15	cm
5.1-10	cm

≤	5	cm

2
13
2

1
7
2

TNM	stage	(nr)
I

II
III
IV

6
7
3
1

4
1
5
0

Type	of	resection	(nr)
Low	anterior

Abdominoperineal
15
2

8
2

Time	between	pCT	and	
1st	fraction	–	days

Average
Range

12
11-21

13
11-18

Table 6.2: Intra-fraction	setup	error
Translations	(mm) Rotations	(dg)

LR CC AP LR CC AP
M 0.0 -0.6 0.5 0.6 0.2 0.0
Σ 2.4 1.0 0.6 0.5 0.6 0.3
σ 2.2 1.0 1.0 0.5 0.6 0.2

Table 6.3: Volumes	of	the	delineated	structures
Average	volume	(1SD)

Male Female p-value
(t-test,	1sided)

Bladder 206	cc	(134) 209	cc	(152) 0.44
Rectum 136	cc	(		49) 89	cc	(		32) <	0.001

MesoRect 256	cc	(		53) 201	cc	(		36) <	0.001



100 |

Chapter 6

Results 
Patients
Details	on	patient	and	tumor	characteristics	are	given	in	Table	6.1.	The	limited	number	of	
abdominoperineal	resections	can	be	explained	by	the	fact	that	those	patients	nowadays	
often	receive	neo-adjuvant	chemo-radiotherapy.

Intra-fraction setup errors
For	26	patients	a	total	of	121	CBCT	pairs	were	used	to	calculate	the	intra-fraction	setup	
errors	(nine	post-treatment	scans	were	missing).	Group	mean	(M),	systematic	(∑)	and	
random	(σ)	errors	were	small,	except	for	L–R	shifts	(Table	6.2),	where	a	systematic	and	
random	error	up	 to	2.4	mm	was	 found.	No	significant	differences	between	male	and	
female	 patients	 (data	 not	 shown)	were	 found.	 The	time	between	 the	 pre-	 and	 post-
treatment	scan	was	13	±	2	min	(1SD)	on	average.	

Volume variation of bladder, rectum and MesoRect 
In	2	of	the	135	pre-treatment	CBCT-scans	it	was	impossible	to	delineate	any	structure,	
due	to	artifacts	caused	by	motion	of	gas	or	breathing	during	the	scan.
	 There	was	a	wide	variety	in	volumes	of	the	three	delineated	structures	within	and	
between	patients	(Table	6.3).	The	bladder	volume	was	comparable	between	male	and	
female	patients,	while	the	rectum	and	MesoRect	volumes	were	significantly	smaller	for	
female	patients.
	 For	male	patients	the	bladder	volume	during	treatment	was	on	average	16%	smaller	
than	during	planning	 (p	=	0.004,	 two-sided	 t-test).	 For	 female	patients	 the	MesoRect	
volume	was	on	average	5%	larger	during	treatment	fractions	compared	to	the	pCT	(p	
=	0.02).	For	all	other	delineations	no	significant	volume	differences	between	pCT	and	
treatment	were	found.
	 The	intra-patient	variation	was	large	for	the	bladder	(range	25–300%	of	the	patient	
average	volume).	As	a	consequence,	the	relative	bladder	volumes	had	a	SD	of	0.42	for	
men	and	0.63	 for	women.	The	 intra-patient	variation	 in	 rectum	volumes	was	 smaller	
with	 a	 relative	 volume	 SD	 of	 0.25	 and	 0.24	 for	males	 and	 females,	 respectively.	 The	
relative	volume	SD	for	the	MesoRect	was	even	smaller	with	0.06	and	0.08	for	men	and	
women,	respectively.
	 No	time	trends	during	the	5	days	course	of	radiotherapy	were	found	(not	shown).

MesoRect shape variation
The	average	delineated	CC	length	of	the	MesoRect	was	9.2	cm	(1SD	1.1)	for	male	patients	
and	8.6	cm	(1SD	0.7)	for	female	patients.	For	CC	orientation	on	the	vertical	axis	of	the	
2D	error	maps	(Fig.	6.2),	the	average	level	of	the	tip	of	the	os	coccyx	(OsC),	the	bottom	
of	the	bladder	(Bl)	and	the	top	of	the	prostate	without	seminal	vesicles	(Pr),	have	been	
indicated	with	horizontal	lines.	The	variation	for	each	of	these	levels	was	around	0.9	cm	
(1SD).	
	 There	was	large	heterogeneity	in	the	systematic-	and	random-error	maps	(Fig.	6.2),	
where	maximum	values	are	located	at	the	upper-anterior	border	of	the	MesoRect	and	
minimum	values	 are	 located	 at	 the	upper-posterior	 side,	 and	 the	 lower-lateral	 sides.	



| 101

Target volume shape variation during 5x5 Gy RT of rectal cancer patients (prone)

In	 female	 patients,	 random	 and	 systematic	 errors	 up	 to	 7	mm	were	 found.	 In	male	
patients	the	maximum	random	and	systematic	errors	were	smaller,	being	4	and	5	mm,	
respectively.	In	the	random-error	maps	(Fig.	6.2	b	and	d)	the	difference	between	male	
and	female	at	the	upper	anterior	side	was	significant	(p	<	0.05).	At	the	upper	anterior	
side	of	the	systematic-error	maps	the	difference	was,	however,	not	significant	(p	=	0.10).	
The	systematic	errors	were	significantly	larger	for	male	patients	posteriorly	at	the	level	
of	the	os	coccyx	compared	to	female	patients,	while	at	the	anterior	side	cranial	of	the	
os	coccyx	the	systematic	errors	were	significantly	smaller	for	male	patients	compared	to	
female	patients.	

Fig. 6.2:	Systematic-	and	random-error	maps	for	female	and	male	patients.	The	horizontal	lines	in	each	figure	
depict	the	level	where	(1)	the	tip	of	the	os	coccyx,	(2)	the	base	of	the	bladder,	and	(3)	the	top	of	the	prostate	
without	seminal	vesicles	were	 found	on	average	 in	both	patient	groups.	The	horizontal	axis	 is	divided	 into	
posterior	(P),	left	(L),	anterior	(A),	right	(R)	and	posterior	(P).
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Influence of rectum and bladder on MesoRect 
Due	to	anatomical	differences	between	male	and	 female	patients	 the	position	of	 the	
bladder	with	respect	to	the	MesoRect	was	different.	On	average	half	of	the	bladder	was	
located	more	cranially	 than	 the	MesoRect	 for	male	patients,	while	 this	was	 less	 than	
20%	 for	 female	 patients.	 Therefore,	 a	 larger	 influence	 of	 bladder	 volume	differences	
on	the	MesoRect	can	be	expected	for	female	patients	compared	to	male	patients.	Even	
though,	only	a	small	correlation	between	bladder	volume	and	MesoRect	variation	within	
the	female	patient	group	was	found	(Fig.	6.3a).	The	maximum	contribution	of	changes	
in	bladder	volume	on	deformation	of	the	MesoRect	was	40%	in	small	areas	of	the	map.	
The	rectum	correlation	map	for	female	patients	(Fig.	6.3b)	shows	one	clear	area	with	a	
maximum	contribution	of	60%	at	the	anterior	side,	at	the	level	of	the	os	coccyx.	There	
was	hardly	any	correlation	between	bladder	volume	and	MesoRect	variation	within	the	
male	patient	group	(maximum	20%,	Fig.	6.3c).	The	correlation	between	rectum	volume	

Fig. 6.3: The r2	correlation	maps	between	bladder	volume	and	MesoRect	shape	variation	(a	and	c)	and	between	
rectal	volume	variation	and	MesoRect	shape	variation	(b	and	d)	for	both	female	and	male	patients.
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and	MesoRect	shape	for	male	patients	(Fig.	6.3d)	at	the	upper-anterior	side	just	above	
the	prostate	had	a	maximum	contribution	of	 70%.	Note	 also	 that	 at	 the	 level	 of	 the	
prostate	itself	(approximately	between	OsC	and	Pr)	the	changes	in	rectal	filling	correlate	
better	at	the	lateral	sides	of	the	MesoRect	than	at	the	anterior	side.	All	correlation	map	
areas	with	an	r2	value	of	0.2	and	higher	were	significantly	different	from	0	(p	<	0.05).

Discussion 
This	 is	 the	first	study	to	evaluate	shape	changes	 in	the	mesorectal	part	of	 the	CTV	 in	
rectal	cancer	patients	treated	with	hypo-fractionated	pre-operative	radiotherapy.	With	
the	mesorectal	part	being	the	most	variable	part	of	the	CTV,	large	systematic	and	random	
deformations	up	to	7	mm	were	found.	Due	to	the	heterogeneity	of	the	systematic	and	
random	errors	in	different	areas	of	the	MesoRect	anisotropic	margins	can	be	advised.	
The	current	clinical	uniform	PTV	margin	of	1	cm	seems	to	be	insufficient.	Deformations	of	
the	MesoRect	were	mainly	driven	by	changes	in	rectal	volume,	while	there	was	a	minor	
influence	of	changes	in	bladder	volume.	With	treatment	in	prone	position,	substantial	
intra-fraction	setup	errors	in	left-right	direction	were	found.

Intra-fraction setup errors
Relative	high	 intra-fraction	setup	errors	of	2.4	and	2.2	mm	systematic	and	random	in	
the	LR	direction,	respectively,	were	found.	This	is	twice	the	size	of	intra-fraction	organ	
position/setup	errors	from	abdominal/pelvic	patients	in	supine	position,	where	variation	
of	1.1	mm	(1SD)	was	found	in	LR	direction	[21].	With	small	values	for	rotations	around	
CC	axis,	patients	are	probably	shifting	to	the	left	and	right	because	of	the	lack	of	bony	
structures	for	stable	positioning.	Errors	for	all	other	directions	were	small	and	therefore	
of	little	influence	on	the	treatment.

Volume variation of bladder, rectum and MesoRect
Despite	 the	 use	 of	 standardized	 bladder	 instructions	 still	 a	 large	 variation	 in	 bladder	
filling	between	patients	and	fractions	was	found,	which	is	consistent	with	the	literature	
[22].	 The	 bladder	 volume	was	 comparable	 between	men	 and	women,	 but	 the	 intra-
patient	variation	was	larger	for	female	patients	with	a	relative	volume	SD	of	0.63	(versus	
0.42	for	males).	Previous	studies	have	shown	a	clear	relationship	between	dose	to	the	
small	bowel	and	toxicity	[9–11].	Therefore	it	is	still	important	to	aim	for	a	full	bladder,	
as	 it	prevents	the	small	bowel	from	entering	the	high	dose	region.	The	patients	were	
instructed	to	drink	250	ml	of	water	1	h	before	treatment,	which	might	be	insufficient	for	
a	real	full	bladder.	Increasing	the	amount	to	drink	will	increase	the	average	volume,	but	
the	day-to-day	variation	might	also	increase.	Patient	tolerance	needs	to	be	investigated	
to	find	the	optimum	amount	to	drink.
	 With	a	treatment	time	of	5	days,	no	time	trends	in	bladder,	rectum	and	MesoRect	
volume	were	expected,	nor	found.	There	was,	however,	a	significant	difference	between	
the	 bladder	 volume	 on	 the	 pCT	 and	 the	 treatment	 fractions	 for	male	 patients	 (16%	
reduction),	which	demonstrates	that	bladder	filling	instructions	have	a	limited	effect	on	
reproducibility	of	the	bladder	volume	[22].
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Shape variation of the MesoRect
The	systematic	and	random	shape	changes	were	relatively	small	for	the	lower	half	of	the	
MesoRect	(1–4	mm)	and	comparable	for	male	and	female	patients.	In	the	upper-anterior	
part	of	the	MesoRect,	however,	substantial	shape	changes	were	observed	(up	to	7	mm)	
that	were	different	between	male	and	female,	with	systematic	and	random	errors	up	to	3	
mm	smaller	for	male	patients.	These	differences	are	likely	due	to	differences	in	anatomy:	
the	anterior	border	in	this	region	is	determined	by	the	uterus	in	females,	while	in	males	
this	 border	 is	 determined	 by	 the	 bladder	 wall	 (full	 bladder)	 or	 small	 bowel	 (empty	
bladder).	The	uterus	position	and	shape	can	change	several	centimeters	 from	day-to-
day,	as	shown	in	a	MR-based	study	on	cervical	cancer	patients	[23].	These	anatomical	
differences	are	likely	to	influence	the	shape	variability	of	the	MesoRect.
	 The	location	and	magnitude	of	the	systematic	and	random	errors	at	the	anterior	side	
of	the	MesoRect	are	comparable	to	the	findings	of	8	mm	SD	at	6–8	cm	from	the	anus	as	
found	in	a	study	by	Nuyttens	et	al.	[17].

Bladder/rectum volume correlation with MesoRect shape changes
Rectum	volume	changes	were	found	as	the	major	cause	of	changes	in	the	shape	of	the	
MesoRect.	 For	 irradiation	of	prostate	 cancer	patients	 introduction	of	 a	diet	 and	mild	
laxatives	have	been	 shown	 to	 reduce	 the	variation	 in	filling	of	 the	 rectum	 [24].	With	
large	rectal	volume	correlation	values	of	70%	and	50%	in	large	areas	for	male	and	female	
patients,	diet	and	mild	laxatives	might	be	helpful	to	reduce	the	systematic	and	random	
errors	 in	MesoRect	 shape.	Whether	 the	 bowel	 regimen	 is	 tolerable	 for	 rectal	 cancer	
patients,	with	already	severe	bowel	dysfunction,	remains	to	be	seen.
	 It	is	interesting	to	see	that	a	change	in	rectal	filling	has	an	effect	on	the	MesoRect	
at	a	more	cranial	 level	 in	male	patients	compared	to	 female	patients,	 typically	above	
the	prostate.	During	 irradiation	of	prostate	patients,	generally	 in	 supine	position,	 the	
position	of	the	prostate	is	mostly	influenced	in	AP	and	CC	direction	by	changes	in	rectal	
filling.	The	lack	of	correlation	between	changes	in	rectal	filling	and	shape	changes	of	the	
MesoRect	adjacent	 to	the	prostate	 for	patients	 in	prone	position	might	be	caused	by	
prostate	movement	in	CC	direction,	because	the	prostate	cannot	move	into	the	pubic	
bone.	
	 Low	correlation	values	between	bladder	filling	and	MesoRect	deformation	for	male	
patients	were	found.	In	this	group,	about	half	of	the	bladder	was	located	more	cranially	
than	the	delineated	MesoRect.	An	increase	in	bladder	volume	for	male	patients	seems	
to	have	an	effect	on	the	upper	half	of	the	bladder,	and	therefore	hardly	have	any	effect	
on	the	shape	of	the	MesoRect.	For	female	patients,	more	than	80%	of	the	bladder	was	
located	at	the	level	of	the	MesoRect.	In	this	group,	somewhat	higher	correlation	values	
up	 to	40%	between	bladder	filling	and	MesoRect	deformation	were	 found,	but	 these	
values	were	 scattered	 in	 small	 islands	 all	 over	 the	map.	 The	uterus,	which	 is	 located	
between	bladder	and	MesoRect,	seems	to	dim	the	effect	of	an	increase	in	bladder	filling	
on	the	MesoRect	shape.	The	asymmetry	for	bladder	correlation	in	female	patients	in	the	
upper	anterior	region	was	not	statistically	significant.
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	 As	shown	in	this	study	the	full	bladder	protocol	leads	to	a	large	day-to-day	volume	
variation.	Due	to	the	small	correlation	between	bladder	volume	changes	and	MesoRect	
shape	 changes,	 the	 large	 day-to-day	 variation	has	 a	 limited	 effect	 on	 changes	 of	 the	
target	volume.	The	full	bladder	protocol	is	therefore	feasible	to	use,	as	it	mainly	affects	
the	dose	to	the	small	bowel.	The	use	of	a	full	bladder	protocol	with	larger	volumes	to	
drink	might	 increase	 the	 correlation	with	 the	 shape	 of	 the	MesoRect	 and	 should	 be	
investigated	when	the	protocol	is	going	to	be	changed.

Margins
It	 is	 not	 straightforward	 to	 combine	 shape	 variability	 with	 rigid	 setup	 uncertainties	
into	 a	 required	 PTV-margin.	Margin	 recipes	 described	 in	 the	 literature	 [25]	 generally	
assume	translations	of	rigid	bodies.	The	MesoRect,	however,	is	a	deforming	organ,	and	
only	deformation	extending	outside	the	original	MesoRect	can	 lead	to	a	 reduction	of	
coverage.	To	get	a	first-order	approximation	of	the	required	margins	the	margin	recipe	
of	2.5*∑	+	0.7*σ	was	applied	[25].
	 In	order	to	develop	usable	clinical	margins	the	systematic	and	random	error	maps	
were	divided	into	six	regions	with	each	a	representative	value.	The	upper	and	lower	half,	
divided	at	the	base	of	the	bladder,	and	anterior,	posterior	and	lateral	sides	as	assigned	at	
the	bottom	of	each	map.	Although	there	is	some	asymmetry	between	left	and	right,	the	
differences	are	not	significant	(p	>	0.1),	therefore	left	and	right	could	be	joined	to	lateral.

Table 6.4:	Margin	calculation	table,	with	the	base	of	the	bladder	as	divider	for	upper	and	
lower	MesoRect

Millimeters
Male Female

Anterior Posterior Lateral Anterior Posterior Lateral

Deformation
Upper	half

∑ 4.9 1.4 3.3 6.6 2.2 3.8

σ 4.0 1.3 2.9 6.2 2.2 3.4

Deformation
Lower	half

∑ 3.3 4.1 2.7 3.2 3.7 3.1

σ 3.1 2.6 2.4 2.7 2.6 2.1

Setup,
inter-fraction

∑ 0.5 0.5 0.5 0.5 0.5 0.5

σ 1.0 1.0 1.0 1.0 1.0 1.0

Setup,
intra-fraction

∑ 0.6 0.6 2.4 0.6 0.6 2.4

σ 1.0 1.0 2.2 1.0 1.0 2.2
Inter-observer 
delineation ∑ 3.0 3.0 3.0 3.0 3.0 3.0

Margin
Upper half 17 10 15 23 11 16

Margin
Lower half 14 15 14 13 14 15
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	 The	 deformation	 errors	 were	 combined	 with	 other	 uncertainties	 to	 put	 them	 in	
a	 clinical	 perspective.	Besides	 the	 intra-fraction	errors	 from	 table	6.2,	 an	estimate	of	
the	residual	 inter-fraction	setup	error	(1	mm)	and	an	optimistic	estimate	of	the	 inter-
observer	variation	(3	mm)	were	used	[13]	(Table	6.4).	The	calculated	margins	provide	a	
clear	rationale	for	anisotropic	margins	that	vary	in	the	AP	direction	along	the	CC	axis	and	
between	male	and	female	patients.
	 The	hypothetical	margins	are	larger	than	the	clinically	used	PTV	margins.	This	was	
already	 partly	 taken	 into	 account	 in	 clinical	 practice	 by	 including	 up	 to	 1	 cm	 of	 the	
bladder,	prostate,	uterus	and/or	 cervix	 in	 the	CTV	and	adding	a	1	 cm	PTV	margin	on	
top	of	that.	With	the	results	of	this	study	the	CTV	could	be	delineated	according	to	the	
anatomy,	reducing	the	observer	dependency,	and	a	more	sufficient	PTV	margin	could	be	
added	on	top	of	that.

Limitations of the study
This	 study	was	performed	on	a	dataset	of	 27	patients	divided	 into	 two	groups	of	 17	
and	 10	 patients,	 respectively.	 Determination	 of	 systematic	 and	 random	 errors	 on	 a	
group	of	10	patients	gives	a	reasonable,	but	not	definite	estimate	of	the	errors.	Larger	
studies	 are	 required	 to	 improve	 the	 statistical	 power	 of	 the	 analyzed	 variations.	 The	
study	does,	however,	give	a	good	estimate	of	the	order	of	magnitude	and	especially	the	
heterogeneity	of	systematic	and	random	errors	for	shape	variation.
	 Although	 delineation	 was	 only	 done	 by	 a	 single	 observer,	 all	 delineations	 were	
supervised	 by	 an	 oncologist,	 thereby	minimizing	 the	 observer	 variation.	 In	 addition,	
the	delineation	of	the	pCT	was	used	as	a	guideline	for	the	CBCT	delineations.	Choices	
made	on	the	pCT	were	therefore	also	applied	on	the	CBCT	scans	(especially	the	cranial	
and	caudal	border	of	the	MesoRect).	Therefore,	a	minor	influence	from	intra-observer	
variation	can	be	expected	on	the	size	of	the	found	systematic	and	random	deformations.
	 The	defined	MesoRect	in	this	study	does	not	extend	as	far	cranially	as	the	real	CTV	for	
patient	treatment.	The	more	cranial	part	of	the	clinical	CTV	is	defined	by	the	presacral-	
and	iliac-lymph	node	areas.	Variation	in	the	position	of	the	iliac	vessels	is	usually	limited	
[17]	 and	 the	 presacral	 lymph	nodes	 are	 located	 adjacent	 to	 the	 bony	 anatomy,	 thus	
corrected	by	online	setup	corrections.	Therefore,	variation	 in	 the	clinical	CTV	beyond	
the	MesoRect	 can	 be	 expected	 to	 be	 smaller	 than	 the	measured	 deformations.	 This	
is	 supported	by	 the	position	of	 the	maximum	systematic	error	area,	which	 is	 located	
approximately	1	 cm	away	 from	 the	 cranial	border	 (Fig.	 6.2	a	&	 c).	 This	 suggests	 that	
the	maximum	systematic	error	for	the	clinical	CTV	has	been	found	within	our	MesoRect	
study.	Because	of	the	high	impact	of	systematic	errors	on	the	required	treatment	margins	
compared	to	random	errors	the	described	margins	(Table	6.4)	are	probably	not	going	to	
be	larger	in	a	full	CTV	shape	variation	study.
	 The	margin	 recipe	 used	 in	 the	 discussion	 is	 not	 developed	 for	 shape	 variation	 of	
target	 volumes.	Because	 shape	 variation	only	has	 an	effect	on	 target	 coverage	when	
extending	 outside	 the	 original	 shape	 an	 overestimation	 of	 the	 required	margins	was	
expected.	 To	 validate	 the	 calculated	margins	 on	 the	 dataset	 a	 retrospective	 analysis	
was	performed,	using	the	six	representative	values	of	the	systematic-	and	random-error	
maps	 to	 calculate	 PTV	margins	 for	 deformation	only.	 This	 yielded	 coverage	 of	 99.6%	
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of	the	MesoRect	volume	during	the	treatment.	Dosimetric	coverage	would	be	close	to	
100%	because	there	is	a	dose	gradient	at	the	edge	of	a	PTV,	therefore	2.5	*	∑	to	account	
for	MesoRect	deformation	overestimates	the	margins	needed.
	 The	use	of	a	250	cc	drinking	protocol	 led	to	an	average	bladder	volume	of	200	cc	
with	a	lot	of	day-to-day	variation.	The	use	of	an	increased	drinking	protocol	should	be	
investigated	to	aim	for	real	full	bladders.	
	 Future	studies	with	multiple	observers,	repeat-CT	data	and	a	correct	margin	recipe	
will	provide	full	insight	on	these	matters.	Until	then,	this	study	provides	insight	into	the	
magnitude	of	shape	variation	which	should	be	taken	into	account	in	the	development	of	
appropriate	CTV	to	PTV	margins.

Clinical application
As	described	 in	 the	 limitations,	 the	 study	was	 focused	on	 the	mesorectal	part	of	 the	
target	volume	in	rectal	cancer	patients.	The	total	CTV	extends	further	to	the	lymph	node	
areas	described.	Since	shape	variation	is	limited	in	these	regions	[17]	the	current	clinical	
margin	of	1	cm	seems	to	be	sufficient	in	these	regions.	To	apply	the	results	of	this	study	
in	the	clinic	the	CTV	should	be	split	up	in	a	mesorectal	part	and	a	lymph	node	part.	If	the	
mesorectal	CTV	would	be	delineated	according	to	definition,	a	large	volume	reduction	
could	be	obtained,	because	currently	the	CTV	delineation	is	very	generous	in	our	clinic.	
With	the	found	shape	variation,	PTV	margins	will	increase,	but	on	the	whole	we	expect	
planning	target	volumes	to	be	more	consistent	and	equal	or	smaller	in	volume	compared	
to	the	current	clinical	situation.

Conclusions
In	 conclusion,	 we	 found	 substantial,	 heterogeneous	 and	 anisotropic	 deformation	 of	
the	MesoRect.	As	a	result,	the	PTV	margin	should	be	differentiated	in	position	on	the	
cranio-caudal	axis	and	in	anterior–posterior	direction.	Because	deformations	in	female	
patients	were	found	to	be	larger	than	in	male	patients,	the	PTV	margin	should	also	be	
differentiated	for	gender.	
	 The	largest	influence	on	MesoRect	deformations	in	this	study	was	found	to	be	changes	
in	filling	of	the	rectum.	Besides	deformation	of	the	MesoRect,	the	 large	 intra-fraction	
setup	error	in	the	left-right	direction	due	to	prone	treatment	needs	to	be	included	in	CTV	
to	PTV	margin.
	 A	first-order	approximation	of	the	required	margins	showed	that	when	the	MesoRect	
would	be	delineated	according	to	definition,	margins	up	to	1.7	and	2.3	cm	should	be	
applied	in	the	upper-anterior	part	for	male	and	female	patients,	respectively.
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Abstract

Purpose
To	 quantify	 the	 inter-fraction	 shape	 variation	 of	 the	 mesorectum	 for	 rectal	 cancer	
patients	treated	with	5	x	5	Gy	in	supine	position	and	compare	it	to	variation	in	prone	
position.

Material and methods
For	 28	 patients	 a	 planning	 CT	 (pCT)	 and	 five	 daily	 cone-beam-CT	 (CBCT)	 scans	were	
acquired	in	supine	position.	The	mesorectal	part	of	the	CTV	(MesoRect)	was	delineated	
on	all	scans.	The	shape	variation	was	quantified	by	the	distance	between	the	pCT-	and	
the	CBCT	delineations	and	stored	 in	surface	maps	after	online	setup	correction.	Data	
were	analyzed	for	male	and	female	patients	separately	and	compared	to	prone	data.

Results
A	large	range	of	systematic,	1–8	mm	(1SD),	and	random,	1–5	mm,	shape	variation	was	
found,	comparable	to	prone	patients.	Random-shape	variation	was	comparable	for	male	
and	female	patients,	while	systematic	variation	was	3	mm	larger	for	female	patients.

Conclusions
Shape	variation	of	the	MesoRect	 is	substantial,	heterogeneous	and	different	between	
male	and	female	patients.	Differences	between	supine	and	prone	orientation,	however,	
are	small.	Clinical	margins	should	be	differentiated	in	position	along	the	cranio–caudal	
axis,	 in	anterior–posterior	direction	and	for	gender.	Margins	should	also	be	increased,	
even	when	online	setup	correction	is	used.	Due	to	the	small	margin	differences	between	
prone	and	supine	treatments,	the	setup	choice	should	be	determined	on	dose	to	the	
organs	at	risk.
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Introduction
The	standard	of	care	for	primary	resectable	rectal	cancer	has	evolved	to	total	mesorectal	
excision	(TME)	surgery	in	combination	with	pre-operative	(chemo-)	radiation	[1–5].
	 Besides	a	low	local	recurrence	rate,	the	use	of	pre-operative	irradiation	also	causes	an	
increase	in	acute	and	late	toxicities.	The	most	important	organ	at	risk	(OAR)	is	the	small	
bowel,	 in	which	 radiation	enteritis,	 chronic	diarrhea,	bowel-stricture	and	perforation,	
and	hemorrhage	can	be	caused	[6–8].	Several	measures	can	be	taken	to	reduce	the	dose	
to	the	small	bowel.	Patients	are	generally	treated	in	prone	position,	with	or	without	the	
use	of	a	belly	board,	to	reduce	the	amount	of	small	bowel	in	the	high-dose	region	[9–11].	
The	patients	are	also	given	instructions	on	drinking	to	increase	the	bladder	filling,	thus	
pushing	the	small	bowel	away	from	the	high-dose	region	[11].	The	downside	of	treating	
patients	 in	 prone	 position	 is	 that	 the	 setup	 is	 less	 reproducible	 between	 and	 during	
fractions	in	comparison	with	treating	patients	in	supine	position	[12,	13].
	 Improvements	in	planning	techniques	have	also	contributed	in	the	reduction	of	dose	
to	the	OARs.	With	the	use	of	intensity	modulated	RT	more	conformal	treatment	plans	
can	be	delivered	[14].	When	delivering	these	conformal	plans	it	is	important	to	account	
for	all	geometrical	uncertainties,	by	using	a	proper	margin	from	clinical	target	volume	
(CTV)	to	planned	target	volume	(PTV).	Uncertainties	that	should	be	taken	into	account	
are	patient	setup,	target	definition	uncertainties	and	organ	motion/shape	variation.
	 For	patient	 setup,	 in-room	 imaging	 techniques,	 such	as	EPID	or	MV	and	kV	cone-
beam	CT	(CBCT),	can	be	used	to	minimize	inter-fraction	setup	errors	[15].	A	minimization	
of	 the	 inter-fraction	 set-up	 errors	 leaves	 potential	 intra-fraction	 errors	 as	 the	 major	
source	for	setup	uncertainties.
	 For	 target	 definition	 uncertainties	 no	 intra-observer	 literature	 and	 inter-observer	
literature	 are	 available	 for	 rectal	 cancer	 patients.	 Looking	 at	 delineation	 errors	 for	
prostate	cancer	patients,	at	 least	errors	 in	the	order	of	3	mm	standard	deviation	(SD)	
should	be	taken	into	account	[16].
	 For	 organ	 motion/shape	 variation	 2	 studies	 are	 available,	 for	 prone	 setup	 only	
[17,	18].	Both	studies	investigated	treatment	schedule	of	5	weeks	for	10	patients	each	
on	either	repeat	CT	or	MV–CBCT.	The	majority	of	the	patients	 in	the	repeat	CT	study	
[17]	were	 treated	post-operatively,	while	 in	 the	other	 study	 [18]	 shape	variation	was	
only	presented	averaged	over	all	levels	on	the	cranio–caudal	axis	and	averaged	over	all	
patients,	which	makes	it	difficult	to	translate	the	data	into	a	PTV	margin.
	 In	our	hospital,	 the	 lack	of	knowledge	about	the	different	uncertainties	has	 led	to	
an	arbitrary	uniform	10	mm	CTV	to	PTV	margin	which	is	compensated	by	very	generous	
delineation	of	the	CTV.	Parts	of	the	cervix,	uterus,	bladder	and	prostate	are	included	in	
the	CTV	to	account	for	uncertainties.	In	the	RTOG	delineation	atlas	for	anorectal	cancer	it	
is	advised	to	include	1	cm	of	the	back	of	the	bladder	into	the	CTV	to	compensate	for	day-
to-day	variation	 [19].	This	 incorporation	of	motion	uncertainties	 into	CTV	generation,	
rather	 than	 PTV	 expansion,	 represents	 a	 conceptual	 break	 with	 ICRU	 62	 conceptual	
guidelines.	This	approach	also	causes	 large	observer	variation,	because	the	border	of	
the	delineated	CTV	is	not	visible	as	an	anatomical	border.	Furthermore,	it	is	not	clear	if	
this	approach	leads	to	a	sufficient	PTV.	Till	what	extent	this	departmental	approach	is	
also	used	in	other	hospitals	is	not	known.
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	 Until	now,	 treatment	planning	 studies	 comparing	 small	bowel	exposure	 for	prone	
and	supine	position	used	the	same	CTV	to	PTV	margin	for	both	types	of	setup	[9–11,	20].	
It	is,	however,	not	certain	that	the	required	margins	are	the	same	for	both	options.	In	a	
recent	study	we	investigated	the	inter-fraction	shape	variation	of	the	mesorectal	part	of	
the	CTV	in	27	rectal	cancer	patients	treated	with	hypo-fractionated	RT	in	prone	position	
on	a	flat	table	[13]	(this	study	is	named	‘‘prone	study”	in	the	remainder	of	this	paper).In	
this	study	large	and	anisotropic	shape	variation	was	observed.	Furthermore,	a	difference	
in	shape	variation	between	male	and	female	patients	was	found,	with	variation	being	
larger	for	female	patients.
	 To	make	a	fair	comparison	between	prone	and	supine	treatments	of	rectal	cancer	
patients	 it	 is	 important	 to	 establish	 estimates	 of	 uncertainties	 for	 both	 types	 of	
orientation,	using	the	same	methodology.
	 Therefore,	 the	 purpose	 of	 this	 study	 was	 to	 establish	 the	 inter-fraction	 shape	
variation	of	the	mesorectum	in	rectal	cancer	patients	treated	in	supine	position.	Finally	
a	comparison	between	the	results	of	this	study	and	the	previous	prone	study	has	been	
made.

Material and methods
Patients and treatment
Twenty-eight	patients,	suitable	for	either	prone	or	supine	orien	tation	treatment	with	
pre-operative	5	x	5	Gy	RT,	were	selected	to	be	treated	in	supine	position	in	the	period	
between	November	2006	and	October	2008.	The	patients	with	previous	pelvic	surgery	
and/or	 radiotherapy	 were	 excluded.	 Since	 both	 prone	 and	 supine	 treatments	 are	
generally	accepted	in	the	Netherlands,	no	informed	consent	was	needed.
	 For	 each	patient	 a	planning	CT	 (pCT)	was	 acquired	 in	 a	 supine	position,	 on	 a	flat	
table,	ranging	from	the	L2–L3	 junction	to	the	perineum	with	5	mm	slice	spacing.	The	
clinically	delineated	CTV	generously	encompassed	the	tumor	and	involved	lymph	nodes,	
the	mesorectal	fat	with	the	anal	verge	as	inferior	margin,	the	pre-sacral	lymph	nodes,	
lymph	nodes	along	the	internal	iliac	artery	and	the	superior	rectal	and	internal	obturator	
vessels.	A	10	mm	margin	was	added	to	create	the	PTV	for	a	7-field	IMRT	plan.	
	 All	patients	received	full	bladder	instructions:	they	were	asked	to	empty	the	bladder	
and	drink	a	fixed	amount	of	water	1	h	before	pCT	and	each	fraction.	The	first	7	patients	
(5	males,	2	females)	were	treated	with	a	previous	protocol	where	they	were	asked	to	
drink	250	ml	of	water,	while	the	latter	were	asked	to	drink	350	ml	of	water.

CBCT acquisition
Daily	kV-CBCT	scans	were	acquired	just	prior	to	treatment	for	online	setup	correction	
based	on	bony	anatomy.	CBCT	scans	had	a	diameter	of	40	cm	 in	 the	axial	plane	and	
ranged	9	cm	cranially	and	caudally	of	the	iso-center	(center	of	PTV).
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Delineation
Three	 volumes	 were	 delineated	 on	 each	 pCT	 and	 pre-treatment	 CBCT	 scan:	 the	
mesorectal	part	of	the	CTV,	the	bladder	and	the	rectum.	Due	to	reduced	image	quality	
in	CBCT	and	a	low	expected	day-to-day	variation	in	the	nodal	regions	[17]	a	sub-part	of	
the	CTV	(called	MesoRect	in	the	remainder	of	this	study)	was	delineated.	The	MesoRect	
encompassed	the	rectum	and	mesorectal	fat	starting	at	the	dentate	line	up	to	the	last	
CT-slice	where	the	lateral	borders	of	the	mesorectal	fascia	were	still	visible	(Fig.	7.1).	The	
borders	of	the	MesoRect	were	defined	by	the	mesorectal	fascia.	The	CBCT	delineations	
were	performed	after	bony	anatomy	registration	to	the	pCT.	During	delineation	on	the	

Fig. 7.1:	Example	of	the	CT	(left)	and	CBCT	(right)	delineation	of	the	MesoRect	in	a	
superior	(top),	middle	(center)	and	a	inferior	slice	(bottom)	for	one	patient.
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CBCT	scans,	the	MesoRect	delineation	of	the	pCT	was	available	to	guide	the	observer	
when	necessary.	All	delineations	were	performed	by	one	observer	(R.	de	J.)	and	evaluated	
by	a	radiation	oncologist	(C.A.M.M.).
	 For	the	rectum	the	outer	wall	was	delineated	from	the	dentate	line	up	to	the	sigmoid	
colon.

Volume variation in bladder, rectum and MesoRect
For	the	bladder,	rectum	and	MesoRect	delineations	the	inter-patient	volume	variation	
was	calculated	by	taking	the	mean	and	standard	deviation	(SD)	over	all	scans.	
	 Systematic	 volume	 differences	 between	 the	 treatment	 planning	 and	 treatment	
delivery	were	derived	by	comparison	of	the	volumes	on	the	pCT	and	the	average	volumes	
on	the	CBCT	scans	per	patient.
	 To	 evaluate	 the	 intra-patient	 volume	 variation,	 first	 the	 relative	 volumes	 were	
calculated.	The	relative	volume	was	defined	as	the	volume	on	the	delineated	scan	divided	
by	 the	average	volume	of	 the	patient.	The	 intra-patient	variation	was	determined	by	
taking	the	SD	over	these	relative	volumes.

MesoRect shape variation
To	quantify	the	shape	variation	in	MesoRect	the	delineation	of	the	pCT	was	used	as	the	
reference	structure	for	each	patient.	These	reference	MesoRect	delineations	were	re-
sliced	on	the	CC	axis	to	50	slices,	and	100	equidistant	dots	were	placed	and	numbered	
on	each	 slice,	 starting	at	 the	dorsal	 side	of	 the	patient.	 From	 the	 center	of	each	dot	
on	the	reference	MesoRect	 the	distance	to	 the	five	CBCT	delineations	was	calculated	
perpendicular	to	the	surface.	
	 The	mean	and	SD	over	the	five	distances	was	calculated	for	each	dot	and	stored	in	
2D	surface	maps	by	virtually	cutting	and	unfolding	the	delineation	at	the	dorsal	side.	The	
horizontal	axis	of	the	maps	represents	the	100	equidistant	dots	of	each	slice	starting	at	
the	dorsal	side	via	left,	anterior	and	right	back	to	dorsal.	The	vertical	axis	of	the	maps	
represents	the	50	slices	on	the	CC	axis	 from	the	anus	up	to	the	cranial	border	of	the	
MesoRect.	
	 With	the	mean	and	the	SD	map	of	each	patient	the	systematic-	and	random-error	
maps	of	the	total	group	could	be	calculated	by	taking	the	SD	of	the	mean	maps	and	the	
root-mean-square	of	the	SD	maps,	respectively,	similar	to	the	prone	study.	

Influence of rectum and bladder on changes in the MesoRect shape 
For	 each	 CBCT	 scan	 the	 bladder	 and	 rectum	 volume	 differences	with	 respect	 to	 the	
volume	 on	 the	 pCT	 were	 calculated.	 The	 Pearson	 correlation	 coefficient	 was	 then	
calculated	between	the	changes	in	the	MesoRect	shape	and	bladder/rectum	volume	for	
each	dot	on	the	reference	MesoRect	delineations	yielding	two	new	2D	surface	maps.	
The r2	value	of	a	pixel	in	the	map	represents	the	portion	of	the	MesoRect	shape	variance	
that	can	be	attributed	to	changes	in	the	volume	of	bladder	or	rectum.
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Intra-observer variation
For	a	subset	of	10	patients,	5	males	and	5	females,	the	MesoRect	on	the	five	CBCT	scans	
were	re-delineated	by	the	same	observer	(RdJ)	after	a	time	period	of	at	least	one	month.	
These	re-delineations	were	used	to	quantify	the	intra-observer	variation	on	CBCT	scans.	
The	MesoRect	of	the	pCT	was	available	as	example	during	the	re-delineation	of	the	CBCT	
scans,	which	 is	comparable	to	the	situation	during	the	initial	delineation.	The	original	
delineations	were	 taken	as	 the	 reference	and	 the	distance	 to	 the	surface	of	 the	new	
delineation	was	calculated	for	each	pair	of	delineations	(comparable	to	the	MesoRect	
shape	variation	procedure	with	50	slices	times	100	dots	per	slice).	The	SD	over	these	
distances	was	expressed	as	 intra-observer	variation	maps.	Because	delineation	errors	
could	have	occurred	in	both	the	original-	and	the	re-delineation	the	values	in	the	intra-
observer	variation	maps	were	divided	by	√2.

Required margins
It	 is	 not	 straightforward	 to	 combine	 shape	 variability	 with	 rigid	 uncertainties	 into	 a	
required	PTV	margin.	Since	the	MesoRect	is	a	deforming	organ	only	the	changes	in	the	
shape	outside	the	original	delineated	volume	affect	the	dose	to	the	target	volume.	To,	
nevertheless,	get	a	first	order	approximation	of	the	required	margins	the	rigid	margin	
recipe	of	2.5	*	∑	+	0.7	*	σ	was	applied	[21].
	 The	MesoRect	was	divided	into	six	regions,	the	upper-	and	lower	half,	divided	at	the	
base	of	the	bladder,	and	anterior,	posterior	and	lateral	sides	as	assigned	at	the	bottom	
of	each	map.	
	 The	 shape	 variation	 errors	 were	 combined	 with	 other	 uncertainties	 to	 obtain	 a	
clinically	relevant	margin.	Besides	intra-fraction	errors	from	a	group	of	bladder	cancer	
patients	treated	supine	[22],	an	estimate	of	the	residual	inter-fraction	setup	error	(0.5	
mm	 systematic	 and	 1	mm	 random)	 and	 an	 optimistic	 estimate	 of	 the	 inter-observer	
variation	 (3	 mm)	 were	 used	 [16].	 Intra-observer	 variation	 was	 not	 incorporated	 for	
margin	 calculation,	 as	 it	 only	 served	 for	 validation	 of	 reproducibility	 using	 only	 one	
observer.

Statistical analysis
Following	the	prone	study,	the	methods	described	above	were	performed	for	male	and	
female	patients	separately.	
	 The	 different	 systematic-	 and	 random-error	 maps	 were	 tested	 on	 significant	
differences.	For	systematic-errors,	a	2-sided	F-test	for	each	pixel	in	the	map	was	used	to	
compare	the	SD	over	the	patient	averages	in	both	groups.	The	random-error	maps	were	
compared	by	using	a	2-sided	student	T-test	for	each	pixel	to	compare	the	average	over	
the	patient	SDs	as	a	surrogate	for	the	root-mean-square	over	the	patient	SDs.	The	level	
of	significance	for	all	comparisons	was	chosen	at	p	<	0.05.
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Results
Patient characteristics
The	male	and	female	patient	groups	were	very	much	comparable	on	age,	tumor	location	
and	 TNM	 stage,	 and	 very	much	 comparable	 to	 the	 patients	 of	 the	 prone	 study	 (not	
shown).

Intra-observer variation
Intra-observer	variation	was	on	average	1	mm	SD	with	a	maximum	of	3	mm	for	male	and	
2	mm	for	female	patients.	The	maximum	values	were	located	in	small	areas	in	the	upper	
half	at	the	transition	from	anterior	to	the	lateral	sides	(not	shown).

Fig. 7.2:	Systematic-	and	random-error	maps	for	female	and	male	patients.	The	horizontal	lines	in	each	figure	
depict	the	level	where	(1)	the	tip	of	the	os	coccyx	[Osc.]	(2)	the	base	of	the	bladder	[Bl]	and	(3)	the	top	of	the	
prostate	without	seminal	vesicles	[Pr]	were	found	on	average	 in	both	patient	groups.	The	horizontal	axis	 is	
divided	into	posterior	(P),	left	(L),	anterior	(A),	right	(R)	and	posterior	(P).
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Volume variation of bladder, rectum and MesoRect
Over	all	the	patients,	the	bladder	volume	was	comparable	between	male	(210	±	153	cc)	
and	female	(226	±	154	cc)	patients,	while	the	rectum	(108	±	31	cc	vs.	92	±	38	cc)	and	
MesoRect	 (226	±	39	 cc	 vs.	 199	±	76	 cc)	 volume	were	 significantly	 smaller	 for	 female	
patients	(p	<	0.01,	2-sided	t-test).
	 The	intra-patient	variation	was	large	for	the	bladder	(range	25–338%	of	the	patient	
average	volume).	The	relative	bladder	volumes	had	a	SD	of	0.41	for	male	and	0.54	for	
female	patients.	The	 intra-patient	variation	for	males	and	 females	 in	 rectum	volumes	
was	0.17	and	0.21	and	in	MesoRect	volumes	was	0.06	and	0.07,	respectively.
	 For	7	patients	with	the	250	cc	drinking	protocol	the	average	bladder	volume	was	184	
±	128	cc	(1	SD),	while	for	the	350	cc	protocol	the	average	was	229	±	159	cc	(p	=	0.05,	
1-sided	t-test).	No	significant	time	trends	in	any	of	the	volumes	were	found	during	the	5	
day	course	of	radiotherapy.

MesoRect shape variation
The	average	delineated	CC	 length	of	 the	MesoRect	was	10.4	±	1.2	cm	(1SD)	 for	male	
patients	 and	 9.3	 ±	 1.4	 cm	 for	 female	 patients.	 On	 the	 2D	 error	maps	 (Fig.	 7.2),	 the	
average	CC	level	of	the	tip	of	the	os	coccyx	(OsC),	the	bottom	of	the	bladder	(Bl)	and	
the	top	of	the	prostate	without	seminal	vesicles	(Pr),	has	been	indicated	with	horizontal	
lines	(1SD	±	0.9	cm).
	 The	 systematic-errors	were	2–3	mm	 larger	 for	 female	patients	 compared	 to	male	
patients	(Fig.	7.2).	The	random	errors	in	supine	are	similar	for	male	and	female	patients	
with	maximum	values	of	5	mm.

Required margins
An	overview	of	the	systematic	and	random-shape	variation	values	in	the	six	regions	is	
shown	in	Table	7.1.	The	required	margins	in	the	lower	half	are	approximately	16	mm	in	
all	directions	for	both	male	and	female.	For	the	upper	anterior	region	in	female	patients	
a	24	mm	margin	was	required,	while	for	male	patients	in	the	same	region	a	5	mm	smaller	
margin	was	required.

Influence of rectum and bladder on changes in the MesoRect shape
Changes	in	the	MesoRect	shape	were	mainly	caused	by	changes	in	rectal	volume	(Fig.	
7.3).	For	both	male	and	female	patients	the	highest	correlation	of	50%	was	found	at	the	
anterior	side	of	the	MesoRect	cranial	of	the	tip	of	the	os	coccyx.
	 Hardly	 any	 correlation	 between	 changes	 in	 bladder	 volume	 and	MesoRect	 shape	
was	observed	 in	 female	patients	 (Fig.	7.3a).	 For	male	patients	 the	maximum	bladder	
correlation	was	30%,	which	is	still	a	minor	influence.
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Comparison of results with prone study
In	the	current	study	slightly	larger	systematic	changes	in	the	MesoRect	shape	were	found	
(Fig.	7.2	a	&	c),	while	 for	 female	patients	 the	random	changes	 in	shape	were	smaller	
compared	to	those	in	prone	position	(Fig.	7.2b).	The	maximum	systematic	error	in	male	
patients	was	5	mm	at	the	upper	anterior	side,	which	is	comparable	between	prone	and	
supine	(Fig.	7.2c),	but	the	region	is	larger	and	also	extends	inferiorly	to	the	level	of	the	
prostate	for	supine	setup.
	 The	 first	 order	 approximation	 of	 required	 margins	 shows	 slightly	 larger	 margins	
for	supine	position	compared	to	prone	position.	For	both	types	of	setup	the	required	
margin	at	 the	upper	anterior	 side	of	 the	MesoRect	 is	 approximately	5	mm	 larger	 for	
female	patient	compared	to	male	patients.
	 Since	 patients	 in	 this	 study	 were	 suitable	 for	 both	 prone	 and	 supine	 orientation	
treatments,	a	comparison	of	data	from	this	study	with	those	of	the	prone	study	can	be	
made.	 In	Fig.	7.4	the	systematic	changes	 in	shape	 in	the	current	study	and	the	prone	

Fig. 7.3: The r2	correlation	maps	between	bladder	volume	and	MesoRect	shape	variation	(a	and	c)	and	between	
rectal	volume	variation	and	MesoRect	shape	variation	(b	and	d)	for	both	female	and	male	patients.
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study	are	combined	to	validate	if	differences	in	position	and	gender	are	significant.	The	
systematic	error	map	for	all	prone	patients	together	(Fig.	7.4a)	is	tested	on	significant	
differences	(Fig.	7.4c,	2-sided	f-test)	with	the	systematic	error	map	for	all	supine	patients	
together	(Fig.	7.4b).	The	same	comparison	has	been	made	comparing	all	male	patients	
with	all	 female	patients	 (Fig.	7.4d–f).	Although	differences	due	 to	patient	orientation	
are	similar	to	the	differences	in	gender,	being	in	the	order	of	2–3	mm,	the	difference	in	
the	upper	anterior	region	is	mainly	significant	when	stratifying	for	gender.	For	patient	
position	the	differences	are	mainly	significant	at	the	posterior	side	at	the	 level	of	the	
os	coccyx	and	at	the	lower-anterior	region,	where	the	magnitude	of	shape	variation	is	
smaller,	and	clinically	less	relevant.
	 The	 correlation	 between	 changes	 in	 rectal	 volume	 and	 MesoRect	 shape	 is	 also	
different	between	prone	and	supine	positions	in	male	patients.	Where	in	prone	position	
a	 change	 in	 rectal	 volume	 primarily	 influenced	 the	MesoRect	 shape	 to	 anterior	 and	
lateral	cranially	of	the	prostate,	in	supine	position	a	clear	influence	only	towards	anterior	
is	found	which	also	extents	to	the	level	of	the	prostate.	For	female	patients	the	opposite	
is	found	with	the	highest	correlation	more	cranially	for	supine	orientation	compared	to	
prone	orientation.

Table 7.1: Margin	calculation	table,	with	the	base	of	the	bladder	as	divider	for	upper	and	
lower	MesoRect

Millimeters
Male Female

Anterior Posterior Lateral Anterior Posterior Lateral

Deformation
Upper	half

∑ 5.4 1.8 3.8 7.5 3.3 4.1

σ 4.5 1.3 2.9 4.8 2.0 3.6

Deformation
Lower	half

∑ 4.7 4.4 3.7 4.3 4.2 4.2
σ 3.1 2.8 2.2 3.7 4.1 3.7

Setup,
inter-fraction

∑ 0.5 0.5 0.5 0.5 0.5 0.5
σ 1.0 1.0 1.0 1.0 1.0 1.0

Setup,
intra-fraction	[22]

∑ 0.5 0.5 0.5 0.5 0.5 0.5
σ 0.6 0.6 0.9 0.6 0.6 0.9

Inter-observer 
delineation ∑ 3.0 3.0 3.0 3.0 3.0 3.0

Margin
Upper half 19 10 15 24 13 15

Margin
Lower half 16 16 14 16 16 16
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Fig. 7.4:	Systematic	error	maps	for	prone	(top	left),	supine	(middle	left),	male	(top	right)	and	female	
(middle	right)	patients.	Statistically	significant	different	areas	(white:	p	<	0.05,	grey:	p	<	0.10,	2-sided	
f-test)	between	prone	and	supine	are	shown	in	bottom	left	and	between	male	and	female	bottom	
right.	Horizontal	axis	runs	from	posterior	via	left,	anterior	and	right	back	to	posterior.	Vertical	axis	
runs	from	anus	up	to	the	end	of	the	mesorectal	fascia.



| 123

Target volume shape variation during 5x5 Gy RT of rectal cancer patients (supine)

Discussion 
This	is	the	first	study	to	evaluate	the	changes	in	the	mesorectum	shape,	the	most	variable	
part	of	the	CTV,	in	rectal	cancer	patients	treated	in	supine	position.	In	addition	changes	
in	 the	 target	 volume	 shape	 between	 prone	 and	 supine	 positioning	 were	 compared,	
which	is	the	main	source	of	errors	when	online	setup	correction	is	used.	Large	systematic	
and	random-shape	variation	up	to	7	and	5	mm	was	observed.	To	account	for	different	
systematic-	and	random-shape	variability	in	different	areas	of	the	MesoRect	anisotropic	
margins	are	needed,	similar	to	the	prone	study.	Differences	between	prone	and	supine	
positions	were:	smaller	random	errors	for	changes	in	MesoRect	shape	in	female	patients	
treated	in	supine	position	(≤5	mm	vs.	≤7	mm),	and	the	MesoRect	was	also	clearly	more	
movable	at	the	border	with	the	prostate	in	male	patients	treated	in	supine	position.

Volume variation of bladder, rectum and MesoRect
In	this	study	2	different	bladder	filling	instructions	were	used.	The	influence	of	drinking	
250	or	350	cc	of	water	one	hour	before	treatment	 led	to	a	significant	 increase	 in	the	
average	bladder	volume	from	184	to	229	cc.	However,	the	day-to-day	variation	remained	
large,	 independent	 of	 the	 bladder	 filling	 instructions.	 This	 is	 in	 agreement	 with	 the	
publication	of	O’Doherty	[23]	who	demonstrated	that	the	use	of	standardized	bladder	
instructions	does	not	 lead	to	a	stable	bladder	filling.	We	continued	to	use	the	350	cc	
instructions,	 because	 the	 higher	 the	 average	 volume	 of	 the	 bladder,	 the	more	 small	
bowel	is	kept	out	of	the	high-dose	region	[11].

Shape variation of the MesoRect
The	MesoRect	mostly	deforms	at	the	anterior	side	cranially	from	the	tip	of	the	os	coccyx	
and,	to	a	lesser	extent,	at	the	posterior	part	caudal	of	the	os	coccyx.	In	other	regions	
the	border	of	the	MesoRect	is	adjacent	to	bony	anatomy	which	prevents	deformation.	
The	upper	anterior	region	of	the	MesoRect	is	the	most	clinically	important	region.	Since	
in	 this	 region	 the	 difference	was	 only	 significant	 between	male	 and	 female	 and	 not	
between	prone	and	 supine	 setups	 (Fig.	 7.4),	 PTV	margins	 should	be	differentiated	 in	
gender,	and	not	in	orientation	of	the	patient.
	 For	male	patients	 the	change	 from	prone	 to	 supine	 resulted	 in	a	 larger	area	with	
the	maximum	systematic	error	of	5	mm.	This	area	was	located	cranial	of	the	prostate	in	
prone	position	[13],	while	in	supine	position	it	is	also	located	at	the	level	of	the	prostate	
(Fig.	7.2c)	suggesting	that	 in	prone	setup	the	prostate	 is	blocking	the	MesoRect	 from	
deforming	because	its	movement	is	restricted	by	the	os	pubis.

Intra-observer delineation variation
In	the	study	the	5	CBCT	scans	were	re-delineated	for	10	patients,	5	males	and	5	females.	
With	 at	 least	 1	month	 between	 the	 initial	 and	 the	 re-delineation	 no	memory	 based	
choices	 were	 expected	 to	 influence	 the	 outcome.	 The	 intra-observer	 variation	 was	
largest	 at	 the	 transition	 edges	 from	 anterior	 to	 the	 lateral	 sides.	With	 relative	 small	
maximum	values	of	3	and	2	mm	SD	for	male	and	female,	 intra-observer	variation	has	
hardly	influenced	the	found	systematic	and	random-shape	variability.



124 |

Chapter 7

Bladder/rectum volume correlation with changes in the MesoRect shape
Similar	to	patients	in	prone	position,	changes	in	rectum	filling	was	found	to	be	the	major	
cause	of	changes	in	the	shape	of	the	MesoRect.	However,	the	location	with	the	highest	
correlation	was	different	between	prone	and	supine	orientations.	For	female	patients	
the	high	rectum	correlation	region	changed	from	widespread	anterior	and	lateral	at	the	
level	of	the	tip	of	the	os	coccyx	in	prone	setup,	to	anterior-right	entirely	above	the	tip	of	
the	os	coccyx	in	supine	setup.	For	male	patients	in	prone	setup	the	rectum	correlations	
were	high	at	the	anterior	and	lateral	areas	cranial	of	the	prostate	and	to	a	lesser	extent	
to	lateral	at	the	level	of	the	prostate.	In	supine	setup	a	change	in	rectal	filling	correlates	
best	with	a	change	in	the	MesoRect	shape	at	the	borderwith,	and	above	the	prostate	
(Fig.	7.3).	These	differences	support	the	theory	that	the	prostate	is	less	affected	by	rectal	
filling	in	prone	setup	due	to	gravity	and	anatomy.

Margins
As	 expected,	 the	 small	 differences	 in	 systematic	 error	 between	 prone	 and	 supine	
resulted	in	small	differences	in	the	required	margin,	but	this	was	hardly	relevant.	 It	 is	
more	 important	 to	 separate	 required	 margins	 between	 male	 and	 female	 instead	 of	
prone	and	supine.
	 The	 required	margins	up	 to	19	mm	and	24	mm	for	male	and	 female	patients	are	
much	larger	than	the	clinically	used	uniform	margin	of	10	mm.	This	increase	in	required	
PTV	margin,	however,	does	not	necessarily	increase	the	PTV.	The	current	clinical	margin	
is	applied	on	top	of	a	generously	delineated	CTV	 implicitly	accounting	for	anisotropic	
rectum	shape	variability,	while	in	the	prone	and	supine	study	the	anatomical	borders	of	
the	CTV	were	used	for	delineation	of	the	MesoRect.	This	is	illustrated	in	Fig.	7.5	with	an	
example	of	a	male	patient	in	prone	position	and	a	female	patient	in	supine	position	with	
the	CTV	and	PTV	(white)	and	the	CTV	(MesoRect	+	pre-sacral	region)	and	PTV	according	
to	this	study	(black),	which	are	in	the	case	of	the	female	patient	very	close	to	each	other,	
while	for	the	male	patient	the	new	approach	led	to	a	smaller	PTV	at	the	whole	anterior	
border.

Fig. 7.5:	Examples	of	the	CTV	and	PTV	(white)	and	the	mesorectal	CTV,	pre-sacral	region	and	the	PTV	(black)	
based	on	a	strictly	delineated	CTV	plus	10	mmmargin	in	the	lymph	node	areas	and	the	margins	from	Table	7.1	
and	the	prone	study	on	the	mesorectal	part	for	a	female	patient	in	supine	position	(left)	and	a	male	patient	in	
prone	position	(right).
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Limitations of the study
This	 study	was	 conducted	on	 a	dataset	of	 28	patients	divided	 into	 two	groups	of	 14	
patients.	 Determination	 of	 systematic	 and	 random	 errors	 on	 a	 group	 of	 14	 patients	
gives	a	reasonable,	but	not	definite	estimate	of	the	errors.	The	results	of	this	study	were	
compared	to	those	of	a	similar	 limited	study	on	27	patients	 in	prone	position.	Larger	
studies,	but	also	studies	from	other	hospitals,	are	required	to	confirm	the	results	and	
improve	the	statistical	power	of	the	analyzed	variations.	Current	study	does,	however,	
give	 a	 good	 estimate	 of	 the	 order	 of	magnitude	 and	 especially	 the	 heterogeneity	 of	
systematic	and	random	errors	for	shape	variation	in	supine	position.
	 Intra-fraction	 setup	 errors	were	 taken	 from	 a	 supine	 pre-	 and	 post-fraction	 CBCT	
dataset	of	18	bladder	cancer	patients	[22].	The	fact	that	no	intra-fraction	setup	data	on	
rectal	cancer	patients	were	available	demands	for	more	research	in	this	area	for	a	fairer	
comparison.
	 The	defined	MesoRect	in	this	study	does	not	extend	as	far	cranially	as	the	real	CTV	for	
patient	treatment.	The	more	cranial	part	of	the	CTV	is	defined	by	the	pre-sacral-	and	iliac-
lymph	node	areas.	Variation	in	the	position	of	the	iliac	vessels	is	usually	limited	[17]	and	
the	pre-sacral	lymph	nodes	are	located	adjacent	to	the	bony	anatomy,	thus	corrected	by	
online	setup	corrections.	Therefore,	variation	in	the	CTV	beyond	the	MesoRect	can	be	
expected	to	be	smaller	than	the	measured	deformations.
	 In	the	margin	comparison	the	systematic	and	random-error	maps	were	simplified	by	
dividing	into	six	regions.	Because	of	the	small	influence	of	random	shape	variation	on	
the	required	margins	and	comparable	maximum	values	for	systematic	Mesorect	shape	
variation,	required	margins	for	prone	and	supine	positions	were	comparable.	Only	when	
surface	 location	 specific	 margins	 become	 applicable	 differences	 between	 prone	 and	
supine	shape	variations	will	affect	the	planned	target	volumes.	Until	then,	first	a	margin	
recipe	on	a	combination	of	shape	variation	and	rigid	setup	errors	should	be	derived.
	 In	this	study	intra-observer	delineation	was	quantified.	It	is	however	not	clear	if	this	
observer	variation	is	the	same	for	patients	treated	in	prone	position.	A	difference	is	that	
CBCT	 scans	 in	 prone	 position	 suffer	 from	 breathing	 artifacts.	 Further	 investigation	 is	
needed	to	quantify	if	there	is	a	difference.
	 Inter-observer	variation	potentially	has	a	 larger	 impact	on	margins	needed.	This	 is	
however	never	investigated	for	rectal	cancer	patients.	 Inter-observer	variation	studies	
are	 generally	 performed	on	 planning	 CT	 scans.	 Since	 image	quality	 differences	 of	 CT	
scans	in	prone	and	supine	are	small,	inter-observer	variation	is	expected	to	be	similar	for	
both	types	of	setup.	Therefore,	the	influence	of	inter-observer	might	be	different	than	
the	assumed	variation	of	3	mm,	but	also	comparable	for	prone	and	supine.
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Conclusions
In	 conclusion,	 inter-fraction	 shape	 variation	 of	 the	 mesorectum	 was	 found	 to	 be	
substantial,	 heterogeneous	 and	 anisotropic.	 As	 a	 result,	 the	 PTV	 margin	 should	 be	
differentiated	 in	 position	 on	 the	 cranio–caudal	 axis,	 in	 anterior–posterior	 direction.	
Differences	 in	 shape	variation	are	 smaller	 for	prone	versus	 supine	compared	 to	male	
versus	female.	Therefore,	margins	should	be	differentiated	for	gender.	The	CTV	to	PTV	
margin	 should	 be	 increased	 above	 the	 standard	 10	mm	 in	 combination	with	 a	 strict	
delineation	 of	 the	 CTV.	 Since	 required	 treatment	 margins	 are	 similar	 for	 prone	 and	
supine	when	using	online	 setup	 correction,	decision	making	on	patient	 setup	 can	be	
based	on	dose	to	the	organs	at	risk.
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Abstract

Purpose
To	quantify	the	inter-fraction	shape	variation	of	the	CTV	in	rectal-cancer	patients	treated	
with	5x5	(SCRT)	and	25x2	Gy	(LCRT)	and	derive	PTV	margins.

Material and methods
Thirty-three	SCRT	with	daily	repeat	CT	scans	and	30	LCRT	patients	with	daily	scans	during	
the	first	week	followed	by	weekly	scans	were	included.	The	CTV	was	delineated	on	all	
scans	and	local	shape	variation	was	calculated	with	respect	to	the	planning	CT.	Margin	
estimation	was	done	using	the	local	shape	variation	to	assure	95%	minimum	dose	for	at	
least	90%	of	patients.

Results
Using	482	CT	scans,	 systematic	and	 random	CTV	shape	variation	was	heterogeneous,	
ranging	from	0.2	cm	close	to	bony	structures	up	to	1.0	cm	SD	at	the	upper-anterior	CTV	
region.	A	significant	reduction	in	rectal	volume	during	LCRT	resulted	in	an	average	0.5	
cm	posterior	shift	of	the	upper-anterior	CTV.	Required	margins	ranged	from	0.7	cm	close	
to	bony	structures	up	to	3.1	and	2.3	cm	in	the	upper-anterior	region	for	SCRT	and	LCRT,	
respectively.

Conclusions
Heterogeneous	 shape	 variation	 demands	 anisotropic	 PTV	margins.	 Required	margins	
were	substantially	larger	in	the	anterior	direction	compared	to	current	clinical	margins.	
These	larger	margins	were,	however,	based	on	strict	delineated	CTVs,	resulting	in	smaller	
PTVs	compared	to	current	practice.
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Introduction
The	standard	of	care	for	early-stage	and	locally-advanced	rectal	cancer	has	evolved	to	
pre-operative	 short	 course	 radiotherapy	 (RT)	 followed	 by	 a	 total	mesorectal	 excision	
(TME)	and	long	course	chemo-RT	followed	by	a	TME,	respectively	[1-5].	The	side-effects	
of	 RT	 can	 be	 reduced	 by	 advanced	 treatment	 delivery	 techniques	 such	 as	 intensity	
modulated	RT	(IMRT)	[6,7].	To	assure	clinical	target	volume	(CTV)	coverage	with	IMRT	
a	 proper	 planning	 target	 volume	 (PTV)	 margin	 should	 be	 applied	 accounting	 for	 all	
geometric	uncertainties.	The	known	dominant	uncertainties	in	RT	of	rectal	cancer	are	
CTV	shape-	and	delineation-variation	with	systematic	and	random	errors	up	to	1	cm	SD.	
Despite	the	size	and	impact	of	these	uncertainties,	only	few	publications	are	available	
describing	 them	 [8-14],	with	 the	 limitation	 of	 small	 numbers	 and	 only	 a	 part	 of	 the	
CTV	 investigated.	 Furthermore,	 there	 is	 no	 recipe	 available	 to	 calculate	 the	 required	
PTV	margin	to	account	for	these	variations.	Available	margin	recipes	are	only	valid	for	
translations	of	rigid	CTV	structures	[15,16].	In	clinical	practice	often	a	too	small	uniform	
1	cm	PTV	margin	 is	used,	 for	which	the	radiation	oncologist	often	delineates	the	CTV	
generously	to	compensate	for	shape	variation	[14].	
	 The	purpose	of	this	study	was	to	evaluate	the	shape	variation	of	the	clinical	target	
volume	 in	 both	 early-	 and	 advanced-stage	 rectal	 cancer	 and	 to	 establish	 subsequent	
planning	target	volume	margins.	The	data	were	gathered	in	a	prospective	repeat	CT	(rCT)	
study.

Material and methods
Patients, scans and treatments
The	study	was	initiated	in	the	Netherlands	Cancer	Institute	(NKI)	and	expanded	to	the	
Leiden	University	Medical	Center	(LUMC).	For	patients	with	short	course	RT	(SCRT)	of	
5	x	5	Gy,	daily	rCT	scans	were	acquired.	For	patients	with	long	course	RT	(LCRT)	of	25	x	2	
Gy,	daily	rCT	scans	were	acquired	in	the	first	week	followed	by	weekly	scans.	The	study	
was	designed	to	 include	40	SCRT	and	40	LCRT	patients,	20	male	and	20	female	each.	
Previous	surgery	or	RT	in	the	pelvic	area	and	supine	positioning	(e.g.	due	to	stoma)	were	
exclusion	criteria.		
	 All	CT	scans	were	acquired	in	prone	position,	on	a	flat	table,	ranging	from	the	L2-L3	
junction	to	below	the	perineum.	A	rotated	knee	support	was	placed	under	the	 lower	
legs	for	immobilization.	When	clinically	feasible,	intravenous	contrast	enhancement	was	
used	for	the	planning	CT	(pCT)	only.	No	rectal	contrast	was	used.	All	patients	received	
instructions	to	empty	the	bladder	and	subsequently	drink	350	ml	water	1	h	before	the	
pCT	and	every	 treatment	 fraction.	The	 rCT	scans	were	planned	before	 the	 treatment	
fraction.

Study delineations
On	each	CT	scan	the	following	structures	were	delineated:	bladder,	rectum,	and	the	CTV	
divided	into	the	mesorectum	(MesoRect),	the	pre-sacral	 lymph	node	region	(Presacr),	
and	the	 internal	 iliac	and	obturatorial	 lymph	node	regions	 left	and	right	(LN_L,	LN_R)	
(Fig.	8.1).	The	rectum	was	delineated	from	the	dentate	line	up	to	the	sigmoidal	curve.	
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	 The	MesoRect	 included	 the	 sphincter	 complex	and	 the	mesorectum	with	borders	
defined	by	the	external	sphincter,	the	mesorectal	fascia,	and	had	the	cranial	border	at	
the	same	level	as	the	rectum.	In	the	cranial	region	where	the	mesorectal	fascia	could	
not	be	 identified,	 the	anterior	border	was	delineated	0.5	 cm	anterior	of	 the	 rectum,	
excluding	small	bowel	loops.
	 The	 LN_L	 and	 LN_R	 regions	 included	 the	 internal	 iliac,	 the	 lateral	 sacral,	 and	 the	
superior	gluteal	artery.	The	caudal	border	was	where	the	obturator	artery	entered	the	
obturator	canal.	The	cranial	border	was	the	division	of	the	common	iliac	artery	in	the	
external	and	internal	artery.	The	borders	were	defined	by	the	urethers	anteriorly,	the	
bones/muscles	laterally,	the	MesoRect,	seminal	vesicles,	uterus,	neurovascular	bundle	
medially.	
	 The	Presacr	delineation	connects	the	LN_L	and	LN_R	from	the	cranial	border	of	the	
MesoRect	and	includes	the	superior	rectal	artery.	Small	bowel	loops	were	excluded	from	
all	delineations.	
	 All	structure	definitions	were	the	same	for	SCRT	and	LCRT	patients.	The	GTV	was	not	
delineated.
	 All	scans	of	a	patient	were	delineated	by	one	of	five	observers.	The	structures	were	
first	 delineated	 on	 the	 pCT	 and	 discussed	 among	 the	 observers	 and	 one	 radiation	
oncologist.	The	rCT	scans	were	subsequently	delineated	after	bony	anatomy	registration,	
using	the	pCT	delineations	as	example.

Fig. 8.1:	Example	of	the	delineated	structures	on	the	planning	CT	of	a	male	patient.	On	the	left	axial	views	
at	two	different	levels	are	shown,	on	the	right	a	sagittal	view.	The	delineated	structures	are	the	bladder,	the	
rectum,	the	MesoRect	including	the	sphincter	complex,	the	presacral	region	and	the	lymph	node	regions	left	
and	right.
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Shape variation
To	compare	the	CTV	shape	variation	between	patients	the	following	model	was	used.	
The	MesoRect	and	Presacr	delineation	were	added	 together	 (MesoPresacr)	 to	 create	
the	 central,	 cylinder-like,	 part	 of	 the	 CTV.	 The	 pCT	 MesoPresacr	 was	 sliced	 into	 80	
slices	containing	100	equidistant	dots	per	slice,	with	 the	first	dot	of	each	slice	at	 the	
dorsal	side.	LN_L	and	LN_R	were	analyzed	separately,	using	40	slices	and	50	dots	per	
slice,	numbered	starting	at	 the	mid-lateral	side	of	 the	slices.	The	shape	variation	was	
calculated	by	measuring	signed	distances	to	the	surfaces	of	the	rCT	CTVs	perpendicular	
to	the	surface	of	the	pCT	delineation	for	each	point.	For	each	point	the	average	distance	
and	the	standard	deviation	over	the	distances	were	calculated.	
	 The	 assumption	 was	 made	 that	 the	 ordered	 points	 were	 comparable	 between	
patients,	such	that	corresponding	points	could	be	used	to	calculate	the	local	group	mean	
(GM),	systematic	(∑),	and	random	(σ)	shape	variation	by	means	of	the	average	of	the	
averages,	the	SD	over	the	averages,	and	the	root-mean-square	of	the	SD’s,	respectively.	
For	 long-course	 RT	 a	 normalized	weighted	 average	 and	 SD	were	 calculated	 for	 each	
patient	by	using	a	weight	of	1	for	the	scans	in	the	1st	week	and	a	weight	of	5	for	the	
following	scans.	

Margins
In	order	to	calculate	the	PTV	margins	for	shape	variation	of	the	CTV	the	margin	recipe	
for	 rigid	 CTV	motion	 of	 van	 Herk	 et	 al.	 [15]	 was	 adapted.	 The	 aim	was	 to	 define	 a	
margin	 recipe	 using	 the	 local	 group	 mean,	 systematic,	 and	 random	 shape	 variation	
surface	maps	assuring	a	minimum	CTV	dose	 (Dmin)	of	95%	of	 the	prescribed	dose	 for	
at	 least	90%	of	the	patients.	 In	the	rigid	setting	the	PTV	margin	can	be	calculated	by:	
mPTV = α * ∑ + β * √(σ2 + σp

2) – β * σp + GM,	with	the	SD	to	describe	the	penumbra	width	
(σp)	 in	 the	pelvic	area	 taken	as	0.32	cm,	α	=	2.5	and	β	=	1.64	 to	meet	our	demands.	
Adaptation	of	the	formula	was	needed	because	in	a	rigid	setting,	systematic	translations	
always	result	in	a	movement	out	of	the	high	dose	region	on	one	side,	while	the	other	
side	 of	 the	 CTV	moves	 within	 the	 high	 dose	 region.	 The	 effect	 of	 systematic	 shape	
variation	depends	on	the	correlation	between	the	shape	variations	on	different	areas	of	
the	surface	of	the	CTV	[17,18].	Group	mean	errors	are	generally	small	and	discarded,	but	
when	significant	time-trends	are	present	they	can	be	included	by	simple	adding	to	the	
PTV	margin,	taking	the	margin	directions	into	account.	
	 The	effect	of	random	errors	in	the	setting	of	rigid	motion	or	shape	variation	is	the	
same,	namely	blurring	of	the	dose	to	the	CTV	as	a	local	effect.	For	random	shape	variation	
1.64	*	√(σ2	+	0.322)	–	1.64	*	0.32	was	used.	
	 To	 estimate	 the	 remaining	 unknown	 factor	 α,	 the	 factor	was	 varied	 between	 2.0	
and	4.0	 in	 steps	0.1	 resulting	 in	21	PTVs.	Each	PTV	was	 translated	 into	an	 ideal	dose	
distribution	with	 a	 homogeneous	 dose	 and	 a	 penumbra	 described	 by	 σp	 =	 0.32	 cm,	
resulting	in	a	95%	isodose	line	at	the	edge	of	the	PTV	[15].	Within	each	dose	distribution	
the	surface	dose	to	the	CTV	was	accumulated	by	slicing	each	rCT	CTV	into	80	slices	with	
100	dots	per	slice.	The	dose	was	accumulated	over	the	corresponding	points	and	the	Dmin 
was	calculated	for	each	patient.	The	α-factor	assuring	Dmin	of	95%	of	the	prescribed	dose	
for	90%	of	the	patients	was	finally	used	in	the	adapted	margin	recipe.
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	 All	 calculations	 described	 above	 were	 performed	 perpendicular	 to	 the	 pCT	 CTV	
surface.	Most	treatment	planning	systems	are	not	capable	of	this	type	of	expansion	and	
use	rolling	ball	 like	algorithms.	To	get	the	rolling	ball	expansions	the	shortest	distance	
from	 each	 PTV	 surface	 to	 its	 corresponding	 CTV	 surface	 was	 calculated	 locally.	 The	
median	distance	over	corresponding	points	 in	the	patient	groups	was	taken	to	derive	
the	required	local	rolling	ball	PTV	margin.	
	 Finally	sub-volumes	of	the	CTV	were	visually	derived	based	on	the	heterogeneity	of	
locally	defined	margins.	For	each	sub-volume	a	clinically	applicable	margin	was	defined	
in	 orthogonal	 directions.	 The	 PTVs	 created	 with	 these	 margins	 were	 dosimetrically	
analyzed	by	generating	ideal	dose	distributions	and	accumulation	of	the	dose	over	the	
rCT	delineations.		Finally,	a	volumetric	comparison	to	the	actual	clinical	PTVs,	which	were	
based	on	generously	delineated	CTVs	and	a	1	cm	PTV	margin,	was	done	to	estimate	the	
impact	of	strictly	delineated	CTVs	plus	the	newly	derived	margins	in	clinical	practice.	

Statistical analysis
For	 all	 delineations	 the	 absolute	 volume	 and	 the	 volume	 relative	 to	 the	 pCT	 was	
calculated.	 The	 relative	 volumes	 were	 tested	 to	 be	 different	 from	 1	 using	 a	 2-sided	
student T-test	for	each	rCT	time	point.		Systematic	shape	variation	errors	between	the	
groups	were	 compared	 using	 a	 2-sided	 F-test	 on	 corresponding	 points	 resulting	 in	 a	
p-value	 surface	map.	The	GM	shape	errors	were	 tested	on	difference	 from	0	using	a	
T-test.	For	random	errors	a	2	sided	T-test	was	used	to	test	the	means	as	a	surrogate	for	
the	root-mean-square.	In	the	analysis	four	different	groups	were	compared,	being	the	
male	and	female	SCRT,	and	the	male	and	female	LCRT	patients.	Significance	level	was	set	
to	p	<	0.05.

Results
Patients
Between	October	2008	and	March	2011	63	patients	(40	male,	23	female)	were	included	
in	 the	 study	 (Table	 8.1),	 60	 NKI,	 and	 three	 LUMC.	 The	 intended	 40	 female	 patients	
were	not	reached	due	to	more	prevalence	of	exclusion	criteria,	more	refusal,	and	less	
prevalence	compared	to	male	patients.	
	 For	six	SCRT	patients	one	rCT	scan	was	missing.	For	LCRT	one	rCT	scan	was	missing	
for	three	patients	and	two	female	patients	withdrew	from	the	study	after	the	1st and 2nd 
week,	respectively.	This	resulted	in	a	total	of	63	pCT	scans	and	419	rCT	scans.	The	rCT	
scans	were	taken	on	average	25	min	before	the	treatment	fraction.	

Delineated volumes
The	average	bladder	volume	on	 the	pCT	was	about	300	cc	and	comparable	between	
the	different	groups	(Table	8.2).	The	bladder	volumes	in	the	rCT	scans	were	significantly	
smaller	compared	to	the	pCT	scan,	except	for	the	first	week	scans	of	the	LCRT	female	
patients	(Fig.	8.2).	A	significant	negative	time	trend	in	rectal	volume	was	present	in	the	
LCRT	groups,	more	predominant	in	male	than	in	female	patients	(Fig.	8.2)	with	a	rectal	
volume	reduction	of	approximately	35%	at	the	end	of	treatment.	The	avg.	CTV	volume	
on	the	pCT	was	508	cc	for	female	patients	and	580	cc	for	male	patients	(Table	8.2).
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Shape variation
The	 local	 GM,	 ∑,	 and	 σ	 surface	maps	 for	 each	 patient	 group	were	 projected	 on	 the	
average	CTV	shape	for	visualization	(Fig.	8.3).	The	negative	time	trend	in	rectal	volume	
resulted	in	a	negative	GM	error	at	the	upper-anterior	border	of	the	MesoRect	for	both	
LCRT	groups.	The	GM	error	was	significantly	different	from	0	for	the	male	patients	(p	<	
0.01)	and	borderline	significant	for	the	female	patients	(p	=	0.06).	Combining	all	LCRT	
patients	resulted	in	a	significant	negative	GM	error	of	0.5	cm	(p	<	0.01).	
	 The	 ∑	 was	 comparable	 between	 the	 groups.	 In	 general	 the	 maximum	 ∑,	 of	
approximately	1.0	cm	SD,	was	found	at	the	upper-anterior	region	of	the	MesoRect.	Only	
for	the	male	LCRT	patients	the	maximum	∑	was	somewhat	smaller	(0.8	cm	SD).	When	
comparing	the	male	LCRT	and	SCRT	∑,	differences	were	only	significant	at	the	edges	of	
the	high	variable	upper-anterior	CTV	region	of	the	LCRT	group	(Fig.	8.4).	Differences	in	∑	
between	male	and	female	LCRT	were	not	significant.
	 Random	errors	were	 comparable	between	 the	groups	 (no	 significant	differences),	
similar	in	heterogeneity	compared	to	the	∑,	but	slightly	smaller	(max	0.8	cm	SD).

Table 8.1:	Clinical	and	pathological	characteristics
5	x	5	Gy 25	x	2	Gy

Age	(yrs)
Median	(range) 65	(44-85) 64.5	(44-81)

Sex
Male

Female
20
13

20
10

Distance	from	anus
<			5	cm

5	–	10	cm
>	10	cm

7
15
11

16
12
2

Resection	type
LAR
APR

26
7

17
13

cT-stage
T1
T2
T3
T4

0
19
14
0

0
0

26
4

cN-stage
N0
N1
N2

22
9
2

3
17
10

cM-stage
M0
M1

31
2

29
1
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Table 8.2:	Average	volumes	delineated/calculated	on	the	planning	CT	(1SD)
5x5	Gy 25x2	Gy

Female Male Female Male
Bladder 322	cc	(204) 301	cc	(189) 298	cc	(193) 243	cc	(158)
Rectum 116	cc			(49) 125	cc			(56) 121	cc			(28) 138	cc			(52)

CTV 509	cc	(154) 579	cc	(101) 507	cc	(110) 581	cc			(93)
Current	clinical	PTV 1316	cc	(290) 1484	cc	(285)

Proposed	PTV	(Table	8.3) 1107	cc	(200) 1128	cc	(127)

Fig. 8.2:	Relative	bladder	and	rectum	volume	on	de	repeat	CT	scans	with	respect	to	
the	planning	CT	for	the	four	groups.	Bars	indicated	with	a	*	were	statistically	signifi-
cantly	different	from	1	(p<0.05	in	a	2-sided	z-test)
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Fig. 8.3:	Left	anterior	view
	of	the	group	m

ean	(top),	system
atic	(m

iddle)	and	random
	(bottom

)	errors	for	the	four	groups	of	patients.	
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Fig. 8.5:	Minimum	 dose	 to	 the	 clinical	 target	 volume	 for	 the	 total	 dataset	 of	 63	 patients	 when	 applying	
mPTV=α*∑	+	1.64*√(σ

2+0.322)	–	1.64*0.32	+	GM	when	applying	the	∑,	σ	and	GM	errors	shown	in	Fig.	8.1	for	
each	group	separately.	With	α	=	3.2,	90%	of	patients	were	assured	a	minimum	dose	of	95%	of	the	prescribed	
dose	to	the	CTV.

Fig. 8.4:	Anterior	view	of	the	systematic	error	for	the	5x5	Gy	male	patients	(Left),	25x2	Gy	male	patients	(Mid-
dle)	and	the	p-value	results	(Right)	of	a	 locally	calculated	2-sided	f-test	where	only	regions	with	systematic	
error	differences	of	0.2	cm	and	larger	were	taken	into	account.
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Margins
To	reach	a	Dmin	of	95%	of	the	prescribed	dose	for	90%	of	the	patients	a	factor	α	of	3.2	
needed	to	be	applied	to	the	systematic	errors	(Fig.	8.5).	The	rolling	ball	margins	were	
calculated	with	factor	α	=	3.2	for	SCRT	and	LCRT	groups	separately	(Fig.	8.6),	because	of	
the	difference	in	GM	error	(Fig.	8.3)	and	the	significant	difference	in	∑	error	between	the	
male	patients	in	both	groups	(Fig.	8.4).	The	average	PTV	volumes	were	997	cc	(1SD	=	184)	
and	944	cc	(1SD	=	127)	for	SCRT	and	LCRT	(p	=	0.19),	respectively.	
	 The	CTV	was	divided	 into	six	sub-regions	 to	define	more	practical	orthogonal	PTV	
margins	(Table	8.3).	The	sub-regions	were	the	earlier	defined	LN_L,	LN_R,	and	presacral	
regions,	and	a	division	of	 the	MesoRect	 in	the	sphincter	region	(caudal	4	cm)	and	an	
upper	and	lower	half	of	the	remainder	of	the	MesoRect.	
	 The	proposed	margins	(Table	8.3)	were	also	applied	to	the	dataset	to	re-evaluate	the	
accumulated	Dmin	to	the	CTV,	which	resulted	in	a	Dmin	of	95%	of	the	prescribed	dose	to	
94%	of	the	patients.	The	average	PTV	volumes	were	1233	cc	(1SD	=	198)	and	1186	cc	
(1SD	=	131)	for	SCRT	and	LCRT,	respectively.	
	 The	actual	clinical	PTVs	that	were	used	during	treatment	had	an	average	volume	of	
1316	cc	(1SD	=	290)	and	1484	cc	(1SD	=	285)	for	SCRT	and	LCRT,	respectively	(Table	8.1).	
The	proposed	PTVs	(Table	8.2),	adapted	to	the	same	cranial	and	caudal	border	as	the	
clinical	PTVs,	were	significantly	smaller	with	on	average	1107	cc	(1SD	=	200)	and	1128	cc	
(1SD	=	127)	(p	<	0.0001)	for	SCRT	and	LCRT,	respectively	(Table	8.2).	

Fig. 8.6:	Locally	defined	rolling	ball	margins	for	the	5x5	Gy	patients	(left)	and	the	25x2	Gy	patients	(right)
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Discussion 
The	first	aim	of	this	study	was	to	evaluate	shape	changes	of	the	clinical	target	volume	
during	 pre-operative	 RT	 of	 early-	 and	 advanced-stage	 rectal	 cancer	 patients.	With	 a	
dataset	of	483	CT	scans	in	a	group	of	63	patients	we	have	shown	that	shape	variation	
of	 the	 CTV	 is	 a	 substantial	 and	 heterogeneous	 geometric	 uncertainty.	 In	 long	 course	
RT	a	volumetric	negative	time	trend	could	be	found	for	the	CTV	(Fig.	8.2),	as	well	as	a	
significant	difference	in	systematic	error	between	the	male	patients	in	both	groups	(Fig.	
8.4).	
	 The	second	aim	was	to	establish	PTV	margins	for	CTV	shape	variation.	With	an	adapted	
version	of	the	van	Herk	margin	recipe	[15]	it	was	shown	that	a	multiplication	factor	of	
3.2	for	the	systematic	shape	variation	error	could	be	used	to	reach	a	95%	Dmin	for	90%	
of	the	patients	(Fig.	8.5).	The	acquired	locally	defined	PTV	margins	were	pragmatically	
translated	into	clinically	applicable	margins	for	sub-regions	of	the	CTV	(Table	8.3)	with	
sufficient	CTV	coverage	and	smaller	PTV	volumes	compared	to	clinical	PTVs.	

CTV shape variation
In	LCRT,	Nuyttens	et	al.	[8]	described	the	motion	of	the	anterior	border	of	the	CTV,	ranging	
from	0.4	cm	SD	at	the	anus,	to	1.0	cm	SD	at	10	cm	from	the	anus,	which	is	similar	to	our	
results.	Shape	variation	in	LCRT	was	also	described	by	Tournel	et	al.	[9]	with	a	mean	shift	
of	0.2	cm	(1SD	=	0.7	cm)	and	0.04	cm	(1SD	=	0.4	cm)	in	anterior	and	posterior	directions,	
respectively.	These	results	were	averaged	over	all	measurements	on	the	cranio-caudal	
axis	and	over	all	patients,	ignoring	the	heterogeneity	of	shape	variation	and	the	influence	
of	inter-patient	variation.	The	0.7	and	0.4	cm	SD	in	anterior	and	posterior	directions	do	
confirm	that	shape	variation	is	substantial	and	heterogeneous.
	 In	two	previous	studies	we	investigated	the	shape	variation	of	the	mesorectal	part	
of	 the	 CTV	 during	 SCRT	 using	 CBCT	 scans	 [10,11].	 We	 found	 heterogeneous	 shape	
variation	with	up	to	0.8	cm	∑	and	0.7	cm	σ	at	the	anterior	part	of	the	mesorectum.	In	the	

Table 8.3: Required	PTV	margins	for	sub-regions	of	the	CTV	to	assure	a	Dmin	of	95%	of	the	
prescribed	dose	to	at	least	90%	of	the	patients.	Bold	numbers	indicate	the	differences	

between	both	groups
25	x	2	Gy	treatment	schedule

Anterior Posterior Left Right Cranial Caudal
LN_L 1.5	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm 1.0	cm
LN_R 1.5	cm 0.7	cm 1.0	cm 0.7	cm 1.0	cm 1.0	cm

Presacral 1.5	cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm
MesoRect	upper	half 2.4 cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm
MesoRect	lower	half 1.5 cm 0.7	cm 0.7 cm 0.7 cm 1.0	cm 1.0	cm

Sphincter 1.0	cm 1.4 cm 1.0	cm 1.0	cm 1.0	cm 1.0	cm
5	x	5	Gy	treatment	schedule

LN_L 1.5	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm 1.0	cm
LN_R 1.5	cm 0.7	cm 1.0	cm 0.7	cm 1.0	cm 1.0	cm

Presacral 1.5	cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm
MesoRect	upper	half 3.2 cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm
MesoRect	lower	half 1.8 cm 0.7	cm 1.0 cm 1.0 cm 1.0	cm 1.0	cm

Sphincter 1.0	cm 1.1 cm 1.0	cm 1.0	cm 1.0	cm 1.0	cm
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current	study	repeat	CT	imaging	was	chosen	instead	of	CBCT,	because	of	better	image	
quality	and	the	ability	to	investigate	the	entire	CTV.	When	comparing	the	systematic	and	
random	SD	for	the	same	regions	in	the	current	study,	results	are	comparable	in	terms	
of	 heterogeneity	 and	 size.	Where	 systematic	errors	 in	 the	CBCT	 studies	were	 slightly	
larger	for	female	patients	[10,11],	differences	in	the	current	study	were	not	statistically	
significant.		
	 One	major	significant	difference	comparing	the	four	groups	was	the	negative	time	
trend	in	rectal	volume	for	the	LCRT	(Fig.	8.2).	The	negative	time-trend	in	rectal	volume	
was	 previously	 shown	 in	 repeat-CT	 studies	 on	 prostate	 cancer	 patients,	 indicating	 a	
RT	 dose-effect	 on	 rectal	 volume	 [19,20].	 The	 LCRT	patients	 in	 the	 current	 study	 also	
received	chemotherapy,	which	might	also	have	influenced	the	rectal	volume.	
	 In	addition,	we	found	a	difference	in	systematic	errors	between	both	male	groups	
(Fig.	 8.4),	which	might	be	explained	by	 a	difference	 in	 tumor	 location.	 In	 SCRT	more	
upper	rectal	tumors	were	present,	in	LCRT	more	low	seated.	When	evaluating	the	first	
week	 scans	 of	 all	 63	 patients	 divided	 into	 low-,	mid-,	 and	 high	 seated	 tumors,	 high	
seated	 tumors	 showed	 statistically	 significant	 larger	 systematic	 errors	 at	 the	 anterior	
side	of	 the	CTV	 compared	 to	mid-	 and	 low-seated	 tumors	 (data	not	 shown).	A	more	
elaborated	multi-variate	 analysis	 is	 needed,	 since	 tumor	 stages	 and	 treatment	 types	
were	differently	distributed	in	the	three	groups.

Margins
PTV	margins	 to	 account	 for	 CTV	 shape	 variation	 in	 rectal	 cancer	 patients	 have	 been	
previously	estimated	by	Tournel	et	al.	[9]	and	Brierly	et	al.	[12],	for	the	mesorectal	part	
of	the	CTV.	In	both	papers	the	shape	variation	of	the	mesorectum	was	averaged	over	
the	cranio-caudal	axis	and	over	all	patients.	Doing	so,	the	different	effects	of	∑	and	σ	on	
the	Dmin	to	the	CTV	were	ignored,	as	well	as	the	heterogeneity	of	systematic	and	random	
shape	variation.	
	 An	 important	 additional	 issue	 is	 that	margins	 for	 shape	 variation	 should	 take	 the	
correlation	of	variation	 in	different	regions	of	 the	CTV	 into	account	 [17,18].	Attempts	
have	been	made	to	estimate	correlation	by	use	of	principal	component	analysis	[21]	and	
by	a	point	distribution	model	based	on	corresponding	points	modeled	using	spherically	
parameterized	 and	 canonical	 aligned	 outlines	 [22].	 Due	 to	 the	 complexity	 of	 these	
models	and	the	lack	of	clinical	 implementation	we	have	chosen	for	a	more	pragmatic	
approach	calculating	local	∑	and	σ	position	variability	and	deriving	a	margin	recipe	by	
calculation	of	the	CTV	coverage.	
	 The	derived	margin	recipe	included	a	∑	multiplication	factor	α	of	3.2	based	on	the	
total	group	of	63	patients.	When	estimating	α	 for	 the	4	groups	separately	a	 range	of	
3.2,	2.8,	3.0,	and	3.4	was	found	for	LCRT	male	and	female	and	SCRT	male	and	female,	
respectively,	with	smaller	statistical	certainty.	The	small	range	of	α	with	the	extremes	
coming	 from	 the	 small	 female	 groups	 with	 only	 10	 and	 13	 patients	 suggests	 the	
applicability	of	the	margin	formula	to	other	rectal	cancer	patients,	but	validation	on	a	
completely	independent	dataset	is	preferred.	Note	that	applying	a	fixed	multiplication	
factor	to	the	heterogeneous	systematic	errors	does	not	necessarily	lead	to	the	smallest	
possible	PTV	volumes.	Increasing	the	multiplication	factor	in	the	least	variable	regions	
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will	 substantially	 increase	 local	 coverage,	 while	 the	 PTV	 volume	 will	 only	 increase	
moderately.	The	gain	in	coverage	could	be	used	to	decrease	the	multiplication	factor	in	
more	variable	regions,	resulting	in	a	larger	reduction	of	the	PTV	volume.
	 In	the	current	study	ideal	dose	distributions	were	used	to	calculate	CTV	coverage.	In	
clinical	practice	it	is	very	hard	to	get	the	95%	isodose	line	on	the	edge	of	the	PTV,	especially	
in	the	anterior	region	where	the	horse-shoe	shape	results	often	in	a	somewhat	broader	
dose	distribution.	The	proposed	clinical	margins	(Table	8.3)	resulted	in	a	95%	Dmin	to	94%	
of	the	patients,	which	was	higher	than	the	intended	90%	of	patients.	These	results	do	
not	 include	 intra-fraction	 setup	errors,	 intra-fraction	 shape	variation,	 and	delineation	
variation.	We	previously	described	intra-fraction	setup	errors	in	SCRT	being	0.24,	0.10,	
and	0.06	cm	∑	and	0.22,	0.10	and	0.10	cm	σ	in	LR,	CC	and	AP	directions,	respectively	[10].	
We	simulated	the	effect	of	intra-fraction	setup	errors	on	the	proposed	clinical	margins	
(Table	8.3)	using	a	Monte	Carlo	simulation.	This	resulted	in	a	95%	Dmin	probability	for	92%	
of	simulated	treatments,	being	closer	to	the	intended	90%.	
	 The	difference	in	required	margin	between	SCRT	and	LCRT	patients	was	mainly	due	
to	the	negative	time	trend	in	rectal	and	subsequent	CTV	volume	in	LCRT	patients,	for	
which	the	margin	can	simply	be	reduced.
	 Intra-fraction	shape	variation	needs	real-time	imaging	and	is	not	easily	performed.	To	
our	knowledge	it	has	never	been	investigated	and	can	therefore	not	be	included	in	the	
analyses.	However,	we	do	assume	that	intra-fraction	motion	of	the	bladder	and	rectum	
is	small	compared	to	inter-fraction	motion.	
	 CTV	 delineation	 variation	 in	 rectal	 cancer	 is	 found	 to	 be	 comparable	 to	 shape	
variation	errors	when	evaluating	 inter-observer	variation	[13,14].	 In	the	current	study	
observer	variation	was	minimized	by	having	one	observer	per	patient,	discussion	of	pCT	
delineations	before	delineation	of	the	rCT	scans,	and	availability	of	the	pCT	delineations	
during	 rCT	 delineation.	 Intra-observer	 variation	 using	 this	 approach	 was	 previously	
shown	to	be	in	the	order	of	0.2-0.3	cm	SD	for	delineation	of	the	Mesorectum	on	CBCT	
scans	[11],	for	which	the	image	quality	is	generally	inferior	to	CT	scans.	
	 The	proposed	PTV	margins	(Table	8.3)	are	larger	than	current	clinical	margins	of	1	
cm.	Despite	 the	margin	 increase,	PTV	volumes	were	smaller	compared	 to	 the	clinical	
PTV	volumes,	with	16%	and	24%	volume	reduction	for	SCRT	and	LCRT,	respectively	(Table	
8.2).	A	strictly	delineated	CTV	plus	 larger	margins	therefore	resulted	in	a	smaller	PTV,	
compared	to	observer	based	generous	delineation	of	the	CTV	plus	a	1	cm	PTV	margin.	
An	advantage	of	using	strict	anatomical	borders	instead	of	observer	dependent	generous	
delineations	for	the	CTV	is	the	possible	reduction	in	inter-observer	variation	[14].	
	 It	is	important	to	realize	that	the	derived	results	are	mainly	of	advantage	when	using	
IMRT.	With	conventional	3-	or	4-field	conformal	techniques	dose	outside	the	PTV	will	
minimize	the	PTV	volume	reduction	effect.	
	 Another	factor	is	that	a	large	part	of	the	CTV	will	contain	only	microscopic	disease,	
at	most.	It	is	therefore	questionable	if	the	Dmin	of	95%	of	the	prescribed	dose	is	really	
needed	for	the	entire	CTV.	Unfortunately,	it	is	currently	not	possible	to	define	the	exact	
GTV	within	the	CTV.	Until	further	advances	in	GTV	definition	have	been	made	it	is	unsafe	
to	relax	the	constraints	on	the	CTV	coverage.	
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Limitations of the study
The	study	is	based	on	rCT	data	taken	on	average	25	minutes	before	the	actual	treatment	
fractions	resulting	in	significantly	smaller	bladder	volumes	(Fig.	8.2).	In	an	earlier	study	
we	investigated	the	correlation	between	bladder	and	rectum	volume	changes	and	CTV	
shape	variation	[10],	and	demonstrated	that	shape	variation	is	mainly	driven	by	rectal	
filling,	and	not	by	bladder	filling.	Influence	of	the	scan	timing	was	therefore	expected	to	
be	limited.
	 The	number	of	female	patients	in	the	study	was	limited	due	to	low	accrual.	Differences	
between	male	and	female	patients	might	therefore	lack	statistical	power,	as	was	already	
seen	in	the	derivation	of	the	α-factor.	This	is,	however,	the	largest	available	study	so	far.
	 In	 order	 to	 combine	 data	 of	 different	 patients	 a	 corresponding	 point	model	 was	
used	based	on	fixed	amount	of	slices	and	points	per	structure.	Variation	was	measured	
perpendicular	to	the	surface	of	 the	reference	structures.	This	model	 is	dependent	on	
the	definition	of	the	different	structures.	Results	are	therefore	only	applicable	to	rectal	
cancer	patients	where	the	CTV	is	delineated	according	to	the	guidelines	in	the	current	
study.	All	derived	results	are	of	course	not	applicable	to	patients	meeting	the	exclusion	
criteria	of	previous	surgery	or	RT	in	the	pelvic	area.	

Conclusions
Clinical	target	volume	shape	variation	 is	a	major	geometric	uncertainty	both	 in	short-	
and	 long-course	 radiotherapy	 of	 rectal	 cancer	 patients.	 The	 shape	 variation	 was	
heterogeneous,	with	systematic	shape	variation	ranging	from	0.2	cm	SD	close	to	bony	
structures	to	1.0	cm	SD	at	the	anterior-cranial	end	of	the	mesorectum.	To	assure	95%	of	
the	prescribed	dose	to	the	CTV	for	90%	of	the	patients:
mPTV = 3.2 * ∑ + 1.64 * √(σ2 + 0.322) – 1.64 * 0.32 + GM 
was	 established,	 where	 shape	 variation	 is	 determined	 perpendicular	 to	 the	 surface	
of	planning	CT	CTV	delineation.	The	derived	margins	were	pragmatically	translated	to	
orthogonal	margins	for	sub-regions	of	the	CTV	ranging	from	0.7	cm	margin	in	posterior	
direction	up	to	2.3	and	3.1	cm	PTV	margin	at	the	upper	anterior	region	of	the	mesorectum	
for	 long-	 and	 short-course	RT,	 respectively.	Anterior	margins	 for	 long-course	RT	were	
smaller	due	to	a	significant	negative	time	trend	in	rectal	volume.	The	proposed	larger	
PTV	margins	 in	combination	with	a	strict	CTV	delineation	resulted	in	a	significant	PTV	
reduction	compared	to	the	current	clinical	PTVs	based	on	generous	delineated	CTVs	and	
1	cm	PTV	margin.
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Abstract

Purpose
To	 quantify	 the	 potential	 margin	 reduction	 when	 using	 adaptive	 radiotherapy	 (ART)	
during	neo-adjuvant	treatment	of	locally-advanced	rectal	cancer.

Material and methods 
Repeat	CT	scans	were	acquired	for	28	patients	treated	with	25x2	Gy,	daily	during	the	first	
week,	and	followed	by	weekly	scans.	The	CTV	was	delineated	on	all	scans,	and	shape	
variation	was	estimated.	Five	ART	strategies	were	tested,	consisting	of	an	average	CTV	
over	the	planning	CT	and	one	to	five	repeat	CTs.	Required	PTV	margins	were	calculated	
for	adapted	and	non-adapted	treatment.	The	strategy	with	the	least	PTV	volume	over	
the	whole	treatment	was	selected	and	bowel	area	dose	reduction	was	estimated.

Results
Substantial	systematic	and	random	shape	variation	demanded	for	a	PTV	margin	up	to	2.4	
cm	at	the	upper-anterior	part	of	the	CTV.	Plan	adaptation	after	fraction	4	resulted	in	a	
maximum	0.7	cm	margin	reduction	and	a	significant	PTV	reduction	from	1185	cc	to	1023	
cc	(p<0.0001).	The	bowel	area	volume	receiving	15,	45	and	50	Gy	was	reduced	from	436	
to	402	cc,	111	to	81	cc	and	49	to	29	cc,	respectively	(p<0.0001).

Conclusions
With	adaptive	radiotherapy,	maximum	required	PTV	margins	can	be	reduced	from	2.4	to	
1.7	cm,	resulting	in	significantly	less	dose	to	the	bowel	area.
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Introduction
The	standard	of	 care	 for	patients	with	 locally-advanced	 rectal	 cancer	 is	pre-operative	
long	course	chemo-radiotherapy	(CRT)	 followed	by	a	total	mesorectal	excision	after	a	
waiting	period	of	4	to	8	weeks	[1].	During	5	weeks	of	RT	changes	in	bladder	and	rectal	
volume	 and	 shape	 occur,	 leading	 to	 substantial	 shape	 variation	 of	 the	 clinical	 target	
volume	(CTV)	[2-6].	
	 In	 clinical	 practice	 the	CTV	 is	 only	 delineated	on	 a	 planning	CT	 scan	 (pCT),	 and	 a	
subsequent	 planning	 target	 volume	 (PTV)	 margin	 is	 added	 to	 take	 the	 geometric	
uncertainties,	such	as	the	shape	variation,	into	account.	In	the	PTV	margin,	geometric	
uncertainties	 are	 divided	 into	 systematic	 and	 random	 errors.	 The	 systematic	 errors	
describe	the	average	differences	between	what	was	intended	to	be	treated	and	what	
was	treated,	while	random	errors	describe	the	day-to-day	variation.	Systematic	errors	
have	a	larger	effect	on	coverage	of	the	CTV	than	random	errors	and	are	therefore	the	
major	contributors	to	the	size	of	the	PTV	margin	[7,8].	Systematic	errors	for	CTV	shape	
variation	in	locally-advanced	rectal	cancer	were	estimated	to	be	up	to	1.0	cm	SD	[2].	
	 Dose	to	the	organs	at	risk	(OARs)	surrounding	the	CTV	is	dependent	on	the	size	of	
the	required	PTV	margins.	An	approach	to	reduce	dose	to	the	OARs,	might	be	reducing	
the	PTV	margins.	However,	this	can	only	be	done	safely	by	estimating	and	correcting	for	
geometric	uncertainties,	for	example	using	image-guided	RT	(IGRT).	However,	CTV	shape	
variation	cannot	be	corrected	using	IGRT	based	couch	corrections.	
	 Adaptive	RT	(ART),	as	introduced	by	Yan	et	al.	[9,10],	is	an	approach	to	estimate	and	
reduce	systematic	errors	using	scans	from	the	first	few	treatment	fractions.	For	CTV	shape	
variation,	the	average	CTV	shape	from	the	early	fractions	can	be	calculated,	resulting	in	
a	CTV	which	is	more	similar	to	the	actual	CTV	shape	during	treatment.	Subsequently,	a	
smaller	PTV	margin	can	be	used	for	the	remainder	of	the	treatment.	The	reduction	in	
PTV	margin	can	either	be	used	to	escalate	the	dose	to	the	CTV	using	iso-toxic	OAR	doses	
[9,10],	or	to	reduce	the	dose	to	the	OARs	[11,12].
	 With	extensive	CTV	shape	variation,	Nuyttens	et	al.	 [2]	already	suggested	 in	2002	
that	rectal	cancer	might	be	an	ideal	candidate	for	ART.	The	purpose	of	this	study	was	to	
develop	an	ART	schedule	for	neo-adjuvant	treatment	of	rectal	cancer	patients,	evaluate	
the	potential	margin	 reduction	and	 its	 subsequent	effect	on	dose	 to	 the	bladder	and	
bowel	area.	The	data	was	gathered	in	a	prospective	repeat	CT	(rCT)	study	in	which	no	
ART	was	used.

Material and methods
Patients, scans and delineations
A	total	of	28	consecutive	patients	treated	with	25x2	Gy	RT	were	scanned	daily	in	the	first	
week	of	treatment,	followed	by	weekly	scans.	Only	patients	without	previous	surgery	or	
RT	in	the	pelvic	area	were	selected.	
	 All	CT	scans	were	acquired	 in	prone	position,	on	a	flat	table,	ranging	from	the	L2-
L3	 junction	 to	 below	 the	 perineum.	All	 patients	 received	 instructions	 to	 empty	 their	
bladder	and	subsequently	drink	350	ml	water	1	hour	before	the	pCT	and	every	treatment	
fraction.	The	rCT	scans	were	scheduled	before	treatment	fractions.
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	 On	each	scan	the	bladder,	rectum,	bowel	area	and	CTV	were	delineated.	The	rectum	
was	delineated	 from	the	dentate	 line	up	to	 the	sigmoidal	curve.	The	bowel	area	was	
delineated	up	to	3	cm	cranial	of	 the	CTV.	The	CTV	was	constructed	out	of	4	separate	
regions,	being	the	mesorectum	including	the	sphincter	complex	(MesoRect),	the	internal	
iliac	and	obturatorial	lymph	node	regions	left	and	right	(LN_L,	LN_R)	and	the	presacral	
lymph	node	region	(Presacr).	The	urether	left	and	right	were	used	as	anterior	border	for	
LN_L	and	LN_R.	All	delineations	and	following	analyses	were	done	after	bony	anatomy	
registration	of	the	CT	scans.

Shape variation and margins
The	method	for	determining	the	shape	variation	was	similar	to	earlier	studies	[4,5].	The	
PTV	margin	for	shape	variation	was	based	on	an	adapted	margin	recipe	developed	using	
the	repeat	CT	data	in	a	separate	study.	
	 In	summary,	the	following	model	was	used.	The	MesoRect	and	Presacr	delineation	
were	concatenated	(MesoPresacr)	to	create	the	central,	cylinder-like,	part	of	the	CTV.	
The	pCT	MesoPresacr	was	sliced	into	80	slices	containing	100	equidistant	dots	per	slice,	
while	LN_L	and	LN_R	were	analyzed	separately,	using	40	slices	and	50	dots	per	slice.	
The	shape	variation	was	calculated	by	measuring	the	distance	from	each	point	to	the	
surfaces	of	the	rCT	CTVs,	perpendicular	to	the	surface	of	the	reference	CTV.	For	each	
point	the	average	distance	and	the	standard	deviation	over	the	distances	was	calculated.	
Corresponding	points	between	patients	were	used	 to	 calculate	 the	 local	 group	mean	
(GM),	 systematic	 (∑)	and	random	(σ)	 shape	variation	by	means	of	 the	average	of	 the	
averages,	the	SD	over	the	averages	and	the	root-mean-square	of	the	SD’s,	respectively.	
	 The	margin	recipe	for	shape	variation	of	the	CTV	was	an	adapted	version	of	van	Herk	
et	al.	[13].	Adaptation	was	needed	because	the	margin	for	systematic	shape	variation	
depends	 on	 the	 correlation	 between	 the	 shape	 variations	 on	 different	 areas	 of	 the	
surface	of	the	CTV	[14,15].	The	multiplication	factor	which	needs	to	be	applied	to	the	∑,	
2.5	for	3D	rigid	errors,	was	estimated	to	assure	a	minimum	dose	to	the	CTV	of	95%	of	
the	prescribed	dose	for	90%	of	the	patients	for	shape	variation.	In	the	sequel	article	this	
factor	was	estimated	to	be	3.2,	resulting	in	a	PTV	margin	(mPTV)	of:
mPTV =3.2*∑ + 1.64*√(σ2+ σp

2) – 1.64* σp + GM	with	the	SD	to	describe	the	penumbra	
width	(σp)	in	the	pelvic	area	taken	as	0.32	cm.
	 Since	shape	variation	was	calculated	perpendicular	to	the	surface	of	the	reference	
CTV,	the	PTV	margin	is	also	perpendicular	to	the	surface.	In	order	to	also	provide	clinically	
applicable	PTV	margins	a	translation	to	non-isotropic	rolling	ball	margins	was	needed.	To	
calculate	the	rolling	ball	expansions	the	shortest	distance	from	each	PTV	surface	to	its	
corresponding	CTV	surface	was	calculated	locally.	Because	of	the	heterogeneity	of	CTV	
shape	variation	[2],	sub-volumes	of	the	CTV	were	visually	derived	for	which	differentiated	
clinically	applicable	margins	were	defined.	The	resulting	PTV	sub-volumes	were	added	
together,	creating	PTV_clin.
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Adaptive radiotherapy
All	following	calculations	using	the	CTV	were	performed	for	MesoPresacr,	LN_L	and	LN_R	
separately.	The	simulated	adaptation	procedures	consisted	of	a	single	plan	adaptation	
during	 treatment,	 e.g.	 treatment	 was	 started	 with	 the	 CTV	 and	 PTV	 defined	 on	 the	
pCT	and	adapted	once	after	which	the	remainder	of	the	treatment	was	based	on	the	
CTV_art	and	PTV_art.	Adaptation	consisted	of	averaging	 the	CTV	shape	over	 the	pCT	
and	a	 limited	number	of	 the	 rCT	delineations.	Five	ART	scenarios	were	calculated.	 In	
ART_1	an	average	CTV	was	calculated	using	the	CTVs	of	the	pCT	and	the	1st	fraction.	The	
shape	variation	with	respect	to	the	ART_1	CTV	was	calculated	using	CTV_2	to	CTV_9,	
estimating	in	the	residual	GM,	∑	and	σ	shape	variation	for	fractions	2	to	25.	The	derived	
margin	 recipe	 for	 shape	 variation	was	used	 to	 calculate	 the	PTV_ART	margin	 for	 the	
adapted	treatment	plan	using	the	residual	GM,	∑	and	σ	shape	variation.	For	ART_2	the	
plan	was	adapted	after	the	2nd	fraction	using	the	pCT	and	the	first	2	rCT	scans,	etc,	etc,	
until	ART_5	adapting	after	5	fractions.	
	 In	single	plan	adaptation	the	residual	errors	will	become	smaller	and	smaller	when	
the	adaptation	 is	timed	 later	 in	 the	treatment.	 Ideally,	 the	systematic	error	reduction	
would	be	a	division	by	√n,	with	n	being	the	scans	used	for	the	average.	Simultaneously,	
the	 amount	 of	 remaining	 fractions	 in	which	 the	 reduced	margins	 are	 beneficial	 also	
becomes	 smaller.	 To	 find	 the	 optimal	 timing	 the	 weighted	 average	 PTV	 volume	was	
calculated	 for	each	ART	procedure.	Weighting	was	based	on	daily	 scans	 representing	
only	one	 fraction,	while	 the	weekly	 scans	 represented	 a	whole	 treatment	week.	 The	
procedure	with	the	least	average	PTV	volume	was	selected	for	dosimetric	evaluation	of	
the	OARs.
	 For	the	selected	ART	strategy	clinically	applicable	PTV	margins	for	sub-volumes	were	
calculated,	resulting	in	a	total	dataset	of	perpendicularly	expanded	PTV	and	PTV_ART,	
and	the	rolling	ball	PTV_clin	and	PTV_ART_clin.

Treatment plans and OAR dose evaluation
For	 a	 realistic	 estimate	 of	 the	 ART	 effect	 on	 the	 dose	 to	 the	OARs,	 7-field	 intensity-
modulated	 RT	 (IMRT)	 plans	 were	 calculated	 for	 the	 PTV,	 PTV_clin,	 PTV_ART	 and	
PTV_clin_ART	 using	 Pinnacle	 (Philips	 Medical	 Systems,	 Eindhoven,	 The	 Netherlands	
version	9.0).	For	PTV	and	PTV_clin	the	bladder	and	bowel	area	delineation	on	the	pCT	
were	used	as	organs	at	risk	during	optimization.	
	 For	optimization	of	the	ART	plans	ideally	an	average	bladder	and	bowel	area	would	
be	used.	For	calculation	of	an	average	bladder	and	bowel	area,	however,	reliable	models	
are	lacking.	To	have	the	best	estimate	of	the	average	bladder,	the	delineation	of	the	scan	
with	the	bladder	volume	closest	to	the	average	within	the	ART	procedure	was	selected.	
Kim	et	al.	[16]	showed	that	the	dose	delivered	to	the	bowel	area	is	highly	correlated	to	
the	volume	of	the	bladder.	We	therefore	assumed	that	the	scan	selected	for	the	bladder	
delineation	could	also	be	used	for	the	bowel	area.		
	 All	IMRT	plans	were	calculated	as	in	clinical	practice,	using	direct	machine	parameter	
optimisation	(DMPO)	with	a	maximum	of	35	segments,	10	MV,	a	minimum	field	size	of	
25	cm2	and	a	minimum	of	4	MU	per	segment.	Field	angles	of	0,	50,	100,	150,	210,	260	
and	310	degrees	were	used.	All	treatment	plans	had	to	satisfy	ICRU-62	conditions,	such	
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that	99%	of	the	PTV	volume	receives	at	least	95%	of	the	prescribed	dose	of	50	Gy.	Hot	
spots	up	to	107%	of	 the	prescribed	dose	were	allowed.	For	 the	sparing	of	 the	bowel	
area	two	maximum	equivalent	uniform	dose	(EUD)	objectives	were	initially	set	at	a	dose	
level	of	28	and	17.5	Gy	with	an	α	of	7	and	1	and	a	weight	of	10	and	5,	 respectively.	
These	constraints	were	optimized	per	plan	by	adapting	the	dose	levels	until	the	above	
described	ICRU	conditions	were	met.	A	fixed	bladder	maximum	EUD	objective	of	22	Gy	
with	a	weight	of	10	and	α=1	was	used.	
	 The	 CTV	 surface	 dose	was	 accumulated	 over	 the	 rCT	 delineations	 by	 slicing	 each	
CTV	into	80	slices	containing	100	equidistant	dots	per	slice,	sampling	the	dose	surface	
histogram	using	8000	corresponding	points.	For	the	ART	plans	the	fractions	in	which	the	
original	pCT	dose	would	have	been	delivered	were	taken	into	account.
	 Dose	accumulation	should	also	be	done	for	the	bladder	and	bowel	area,	but	models	
to	define	corresponding	points	are	 lacking.	 For	exposure	evaluation,	 the	bladder	and	
bowel	 area	delineation	of	 the	 scan	with	 the	bladder	 volume	closest	 to	 the	weighted	
average	 volume	 during	 the	 whole	 treatment	 was	 selected.	 Dose	 volume	 histograms	
(DVHs)	were	calculated	for	bladder	and	bowel	area	for	each	plan.	For	acute	toxicity	the	
bowel	area	volume	receiving	15	Gy	(V15)	was	compared	[17].	For	late	toxicity	the	bowel	
area	volume	receiving	45	(V45)	and	50	Gy	(V50)	was	compared	[18,19].	For	the	bladder	
the	Dmean	was	compared.

Statistical analysis
For	 the	 bladder,	 rectum	 and	 CTV	 delineations	 the	 absolute	 volume	 and	 the	 volume	
relative	to	the	pCT	was	calculated.	The	relative	volumes	were	tested	to	be	different	from	
1	using	a	2-sided	student	T-test	for	each	rCT	time	point.	The	GM	shape	variation	errors	
were	tested	on	difference	from	0	using	a	T-test	resulting	in	a	p-value	surface	map.	Finally	
the	average	bowel	area	V15,	V45	and	V50	were	tested	on	significant	difference	between	
the	 PTV	 and	 PTV_ART	 plan	 and	 between	 the	 PTV_clin	 and	 PTV_ART_clin	 plan	 using	
paired	2-sided	student	T-tests.	Significance	level	was	set	to	p	<	0.05

Results
Patients, scans and delineations
In	the	dataset	of	28	patients,	1	rCT	scan	was	missing	for	3	patients,	resulting	in	a	total	of	
277	evaluable	CT	scans.	These	rCT	scans	were	taken	on	average	25	minutes	before	the	
treatment	fractions.	All	patients	had	clinical	T3	(25)	or	T4	(3)	disease.	Only	3	patients	had	
clinically	no	nodal	involvement.
	 The	 average	 bladder,	 rectum	 and	 CTV	 volume	 on	 the	 planning	 CT	 was	 257	 cc	
(1SD=169),	 134	 cc	 (1SD=46)	 and	 556	 cc	 (1SD=96),	 respectively.	 The	 bladder	 volumes	
were	significantly	smaller	on	the	rCT	scans,	except	for	the	first	2	fractions	(Fig.	9.1).	The	
rectal	volume	on	the	rCT	scans	of	the	1st	treatment	week	was	on	average	10%	smaller	
than	on	the	planning	CT.	A	significant	further	decrease	in	rectal	volume	to	approximately	
60%	of	the	planning	CT	volume	was	observed.	This	time	trend	resulted	in	a	significant,	
but	relatively	smaller,	reduction	in	CTV	volume	(Fig.	9.1).
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Shape variation and margins
TThe	local	GM,	∑	and	σ	surface	maps	with	respect	to	the	planning	CT	were	projected	on	
the	average	CTV	shape	for	visualization	(Fig.	9.2).	The	negative	time	trend	in	rectal	and	
CTV	volume	resulted	 in	a	significant	negative	GM	at	the	upper-anterior	border	of	the	
MesoRect	of	approximately	0.5	cm	(p<0.01).	The	∑	was	heterogeneous,	 ranging	 from	
0.2	cm	SD	close	to	the	bony	anatomy	to	0.9	cm	SD	at	the	upper-anterior	border	of	the	
MesoRect.	The	σ	was	similarly	heterogeneous,	but	slightly	smaller	than	the	∑	(max	0.7	
cm	SD).
	 The	 locally	 defined	 rolling	 ball	 margin	 to	 assure	 a	minimum	 dose	 of	 95%	 of	 the	
prescribed	dose	for	90%	of	the	patients	is	shown	in	Figure	3.	Based	on	the	heterogeneity	
of	the	locally	defined	rolling	ball	margins	6	sub-volumes	of	the	CTV	were	visually	defined	
for	clinically	applicable	orthogonal	expansions	(Table	9.1).	The	sub-volumes	consisted	of	
the	separately	delineated	LN_L,	LN_R	and	Presacr	regions,	and	a	division	of	the	MesoRect	
in	the	sphincter	region	(caudal	4	cm)	and	an	upper	and	lower	half	of	the	remainder	of	
the	MesoRect.	The	average	PTV	and	PTV_clin	volume	was	993	cc	(1SD=123)	and	1185	cc	
(1SD=122).

Fig. 9.1:	Relative	bladder,	rectum	and	CTV	volume	on	de	repeat	CT	scans	with	respect	to	the	planning	CT.	Bars	
indicated	with	a	*	were	statistically	significantly	different	from	the	planning	CT	volume	(p<0.05,	2-sided	paired	
t-test).
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Fig. 9.2:	Left	anterior	view
	of	the	group	m

ean	(top),	system
atic	(m

iddle)	and	random
	(bottom

)	errors	w
ith	respect	to	the	planning	CT	(left)	and	the	residual	errors	

after	the	five	adaptive	RT	procedures	ART_1,	ART_2,	ART_3,	ART_4	and	ART_5.
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Adaptive radiotherapy
Each	of	the	5	ART	strategies	resulted	in	a	significant	reduction	of	the	residual	∑	compared	
to	no	ART	 (Fig.	9.2).	The	ART	strategies	only	 slightly	 reduced	 the	GM	error	 (Fig.	9.2),	
due	to	the	late	occurrence	of	the	volumetric	time-trend	in	CTV	volume	(Fig.	9.1).	Since	
residual	errors	reduce	as	more	scans	are	taken	into	the	ART	procedure	the	volume	of	
the	PTV	based	on	the	residual	errors	 is	also	decreasing	from	the	ART_1	to	the	ART_5	
procedure	(Table	9.2).	However,	the	weighted	PTV	volume	for	the	whole	treatment	was	
minimized	at	 the	ART_4	strategy,	 for	which	ART_4	was	 selected	as	adaptive	 strategy.	
The	locally	defined	rolling	ball	margins	for	ART_4	and	their	subsequent	orthogonal	CTV	
sub-volume	were	considerably	reduced	compared	to	the	initial	margins	(Fig.	9.3,	Table	
9.1).	The	average	PTV_ART	and	PTV_ART_clin	volume	was	846	cc	(1SD=106)	and	1023	cc	
(1SD=114),	and	both	were	significantly	smaller	than	PTV	and	PTV_clin	(Table	9.2).

Treatment plans and OAR dose evaluation
All	 treatment	plans	were	clinically	acceptable	and	coverage	of	the	accompanying	PTV	
was	indistinguishable	between	plans	(data	not	shown).	The	average	accumulated	CTV	
DSH	was	similar	for	PTV	and	PTV_ART	plans,	and	for	PTV_clin	and	PTV_ART_clin	plans	
(Fig.	9.4).	The	minimum	accumulated	CTV	surface	dose	for	90%	of	the	patients	was	94.1%	
and	97.1%	of	the	prescribed	dose	using	the	PTV	and	the	PTV_clin	plans,	respectively.	The	
CTV	coverage	using	the	adaptive	ART_4	strategy	was	not	compromised,	with	again	a	Dmin 
of	94.3%	and	97.4%	of	the	prescribed	dose	for	90%	of	the	patients	using	the	ideal	PTV	
expansions	and	the	clinical	rolling	ball	margins,	respectively

Fig. 9.3:	 Locally	defined	 rolling	ball	margins	 corresponding	 to	expanding	perpendicular	 to	 the	CTV	 surface	
using	mPTV=	3.2	*	∑	+	1.64	*	√(σ

2+0.322)	–	1.64	*	0.32	+	GM	using	the	∑,	σ	and	GM	errors	with	respect	to	the	
planning	CT	(left)	and	the	residual	∑,	σ	and	GM	errors	after	the	ART_4	procedure	(right).
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	 With	ART,	the	bladder	Dmean	was	significantly	reduced	by	approximately	2.7	Gy	both	
for	expanding	perpendicular	 to	 the	CTV	 surface	as	well	 as	 for	 the	 clinical	 expansions	
(Table	9.3).	The	bowel	area	exposure	was	also	significantly	reduced	with	ART,	where	the	
reduction	in	V45	and	V50	was	relatively	larger	than	the	reduction	in	V15	(Table	9.3).

Discussion 
In	 this	 first	 study	 on	 adaptive	 radiotherapy	 during	 neo-adjuvant	 treatment	 of	 rectal	
cancer	 we	 have	 shown	 the	 potential	 benefit	 of	 adaptive	 radiotherapy	 in	 terms	 of	
reduction	 in	dose	 to	 the	organs	at	 risk.	 Systematic	 shape	variation	was	 confirmed	 to	
be	 large,	with	a	maximum	of	0.9	cm	SD.	Plan	adaptation	after	4	 fractions	 resulted	 in	
a	 significant	 reduction	 in	PTV	volume	and	 subsequently	 also	 in	bowel	 area	dose	and	
bladder	dose,	without	compromising	CTV	coverage.

Table 9.1: Required	PTV	margins	for	sub-regions	of	the	CTV	to	assure	a	Dmin	of	95%	of	the	
prescribed	dose	to	at	least	90%	of	the	patients.	PTV	margins	are	described	for	the	start	of	the	

treatment,	and	after	plan	adaptation	after	fraction	4

Start	of	treatment	(PTV_clin)

Anterior Posterior Left Right Cranial Caudal

LN_L 1.5	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm 1.0	cm

LN_R 1.5	cm 0.7	cm 1.0	cm 0.7	cm 1.0	cm 1.0	cm

Presacral 1.5	cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm

MesoRect	upper	half 2.4	cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm

MesoRect	lower	half 1.5	cm 0.7	cm 0.7	cm 0.7	cm 1.0	cm 1.0	cm

Sphincter 1.0	cm 1.4	cm 1.0	cm 1.0	cm 1.0	cm 1.0	cm

Plan	adaptation	after	the	4th	treatment	fraction	(PTV_ART_clin)

LN_L 1.0	cm 0.7	cm 0.5	cm 0.7	cm 0.7	cm 0.7	cm

LN_R 1.0	cm 0.7	cm 0.7	cm 0.5	cm 0.7	cm 0.7	cm

Presacral 1.3	cm 0.7	cm 0.5	cm 0.5	cm 0.7	cm 0.7	cm

MesoRect	upper	half 1.7	cm 0.7	cm 0.5	cm 0.5	cm 0.7	cm 0.7	cm

MesoRect	lower	half 1.0	cm 0.7	cm 0.5	cm 0.5	cm 0.7	cm 0.7	cm
Sphincter 0.7	cm 1.0	cm 0.7	cm 0.7	cm 0.7	cm 0.7	cm

Table 9.2: PTV	volumes	based	on	the	residual	errors	and	the	weighted	average	volume	for	the	
entire	treatment	when	using	no	adaptive	RT	or	one	of	the	5	adaptive	strategies

pCT ART_1 ART_2 ART_3 ART_4 ART_5

PTV	for	residual	errors 993 cc 901 cc 872 cc 859 cc 847 cc 841 cc

PTV	weighted	average 993 cc 905 cc 882 cc 875 cc 870 cc 872 cc
Weighted	average	different	

with	previous	strategy
(2-sided	paired	t-test)

n.a. p<0.001 p<0.001 p<0.001 p=0.012 p=0.219
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CTV shape variation and margins
The	CTV	shape	variation	in	locally	advanced	rectal	cancer	was	previously	investigated	by	
Nuyttens	et	al.	[2]	for	the	anterior	border	of	the	CTV.	They	showed	that	the	variation	of	
the	anterior	border	of	the	mesorectum	ranged	from	0.4	cm	SD	at	the	anus,	to	1.0	cm	SD	
at	10	cm	from	the	anus,	similar	to	our	results.	Shape	variation	of	entire	CTV	including	
the	internal	iliac,	obturatorial	and	presacral	lymph	node	regions	has,	to	the	best	of	our	
knowledge,	never	been	investigated,	and	can	therefore	not	be	compared	to	literature.	
	 Margin	recipes	to	translate	shape	variation	of	the	CTV	into	a	PTV	margin	are	rare.	
Tournel	et	al.	[3]	and	Brierly	et	al.	[6]	previously	estimated	PTV	margins	for	the	shape	
variation	 of	 the	mesorectal	 part	 of	 the	 CTV	 in	 rectal	 cancer.	 In	 both	 papers	 the	 PTV	
margin	was	estimated	to	cover	95%	of	the	shape	variation,	where	its	normal	distribution	
was	based	on	all	measurements	of	all	fractions	and	all	patients	together.	Doing	so,	the	
effect	of	random	and	systematic	errors	under	the	presence	of	a	realistic	dose	distribution	
is	 ignored,	 which	 is	 contradicting	 to	 the	 generally	 accepted	margin	 recipes	 for	 rigid	
translations	of	the	CTV	[13,	20].	With	the	adjusted	margin	recipe	provided	in	the	current	
study	we	were	able	to	reach	an	accumulated	CTV	surface	dose	of	94%	of	the	prescribed	
dose	for	90%	of	the	patients,	which	is	close	to	the	intended	95%	of	the	prescribed	dose,	
confirming	validity	of	the	adapted	margin	recipe.	
	 The	provided	rolling	ball	margins	(Table	9.1)	were	taken	conservatively	to	assure	target	
coverage,	because	only	shape	variation	was	taken	into	account.	The	conservativeness	of	
the	clinical	margins	was	also	shown	by	an	accumulated	CTV	surface	dose	of	97%	of	the	
prescribed	dose	for	90%	of	the	patients.	Although	setup	errors	can	be	corrected	online,	
as	 assumed	 in	 the	 current	 study,	 and	 intra-fraction	 setup	 errors	 are	 small	 compared	
to	shape	variation	errors	[4],	 they	should	be	taken	 into	account	 in	the	margin	recipe.	
Further	 investigation	 is	needed	on	how	to	combine	 the	rigid	setup	errors	with	shape	
variation	errors	in	a	margin	recipe.	This	is	also	the	case	for	incorporation	of	target	volume	
delineation	errors,	which	were	out	of	the	scope	of	the	current	investigation.

Table 9.3: Dosimetric	parameters	for	comparison	of	the	4	treatment	plans.	
The	p-values	were	calculated	using	a	paired	2-sided	students	T-test.

PTV	(1SD) PTV_ART	(1SD) Statistical	difference

Bladder	Dmean	(Gy) 26.3	(2.4) 23.6	(3.1) p<0.0001

Bowel	area	V15	(cc) 372	(199) 358	(199) p=0.0077

Bowel	area	V45	(cc) 92	(70) 73	(59) p<0.0001

Bowel	area	V50	(cc) 44	(36) 27	(24) p<0.0001

PTV_clin	(1SD) PTV_clin_ART	(1SD) Statistical	difference

Bladder	Dmean	(Gy) 27.4	(3.7) 24.9	(2.4) p<0.0001

Bowel	area	V15	(cc) 436	(206) 402	(200) p<0.0001

Bowel	area	V45	(cc) 111	(76) 81	(60) p<0.0001
Bowel	area	V50	(cc) 49	(39) 29	(25) p<0.0001
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Fig. 9.4:	Relative	DVH	for	 the	bladder	and	 the	4	defined	PTVs	 (top),	and	absolute	DVHs	 for	 the	bowelarea	
(bottom)	using	the	4	treatment	plans.	The	DVHs	for	the	PTVs	are	virtually	the	same	and	can	therefore	not	be	
distinguished.
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Adaptive radiotherapy and OAR dose
The	potential	of	ART	for	rectal	cancer	was	shown	by	the	significant	reduction	in	∑	using	
the	ART_1	strategy	(Fig.	9.2).	By	averaging	the	CTV	of	only	two	CT	scans	the	maximum	
residual	∑	was	reduced	from	0.9	cm	SD	to	approximately	0.7	cm	SD,	which	is	close	to	
theoretically	expected	value	predicting	a	reduction	of	0.9/√2=0.64.	The	ART	procedures	
involving	more	scans	before	adaptation	further	reduced	the	residual	∑	to	a	maximum	of	
0.5	cm	SD.	The	ideal	reduction	at	ART_5	of	0.9/√6=0.37	cm	SD	was	probably	not	reached	
because	of	the	time	trend	in	rectal	and	subsequent	CTV	volumes	(Fig.	9.1).	
	 The	ART_4	strategy	was	found	to	give	the	minimum	weighted	average	PTV	volume	for	
the	whole	treatment	(Table	9.2),	although	differences	with,	for	example,	ART_2	can	be	
questioned	on	clinical	relevance.	The	purpose	of	the	study	was	to	evaluate	the	potential	
PTV	margin	 reduction	using	ART,	 for	which	 treatment	plans	 for	 the	ART_4	procedure	
were	evaluated.	The	bowel	area	dose	between	the	reference	plans	on	the	planning	CT	
and	the	ART_4	plans	was	significantly	reduced	for	all	relevant	volume	parameters	(Table	
9.3).	Also	the	bladder	Dmean	was	significantly	reduced	due	to	the	reduction	of	the	PTV	
volumes	in	the	ART	plans.	A	translation	of	the	reduction	in	bowel	exposure	into	clinical	
relevance	 is	 difficult,	 since	 relationships	 between	 bowel	 toxicity	 and	 dose	 are	 based	
on	exposure	of	the	small	bowel	only	[17-19].	In	a	previous	study	the	small	bowel	was	
estimated	to	be	somewhere	between	one	third	and	half	of	the	bowel	area	volume	[21].	
When	converting	the	results	of	the	current	study	(Table	9.3)	to	small	bowel	volumes,	late	
toxicity	endpoints,	with	small	bowel	cutoff	points	of	78	cc	V45	and	17	cc	V50	[18,19],	
were	reduced	significantly	with	ART_4,	with	the	bowel	area	V45	reduced	from	111	to	81	
cc	and	V50	from	49	to	29	cc.	
	 In	the	study	rCT	scans	acquired	on	treatment	days	were	used.	An	alternative	approach	
could	 be	 to	 acquire	multiple	 planning	 CT	 scans	 on	 different	 days	 before	 the	 start	 of	
treatment,	and	design	a	treatment	plan	using	the	average	CTV	of	the	dataset.	The	exact	
required	PTV	margins	would	have	to	be	investigated,	but	based	on	the	significant	margin	
reduction	already	with	using	ART_1,	these	will	definitely	be	smaller	than	the	proposed	
margins	using	only	one	planning	CT	(Table	9.1).	
	 This	study	was	conducted	using	rCT	scans,	instead	of,	for	example,	cone-beam	(CB)	
CT	 scans	 taken	 just	 prior	 to	 treatment	 for	 setup	 correction	of	 the	patient.	 The	CBCT	
image	quality	is	however	inferior	to	CT	scans	[5],	making	delineation	of	the	entire	CTV	
challenging.	In	previous	studies	only	delineation	of	the	mesorectal	part	of	the	CTV	was	
found	 to	be	 feasible	 [4,5]	on	CBCT.	Automatic	contour	propagation	using	deformable	
image	registration	could	help	reducing	the	workload	of	CTV	delineation.	This	is,	however,	
challenging	 in	 the	 pelvic	 area	 where	 bladder	 and	 rectal	 filling	 changes	 hamper	 the	
accuracy	of	deformable	image	registration,	even	when	using	CT	to	CT	registration.
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Limitations of the study
The	 ART	 procedures	 as	 simulated	 in	 the	 study,	 with	 a	 new	 treatment	 plan	 on	 the	
following	 fraction,	 would	 demand	 very	 high	 dedication	 in	 clinical	 practice.	 A	 more	
practical	procedure	would	be	to	start	treatment	on	Monday,	make	rCT	scans	during	the	
first	4	fractions,	use	the	remainder	of	day	4	and	day	5	to	create	a	new	treatment	plan	
and	start	with	the	adapted	plan	in	the	second	treatment	week.	This	approach	would	be	
more	practical,	but	would	also	slightly	reduce	the	benefit	from	ART.
	 In	 this	 study	 no	 bowel	 contrast	 was	 used	 for	 the	 planning	 CT	 or	 the	 rCT	 scans.	
Therefore	only	bowel	areas	could	be	delineated,	instead	of	small	bowel,	which	is	more	
predictive	for	acute	and	late	toxicity	[17-19].	Simultaneously,	dosimetric	evaluation	of	
ART	was	done	using	the	bladder	and	bowel	area	delineation	of	the	scan	with	the	bladder	
volume	closest	to	the	treatment	average	volume,	instead	of	a	real	average	or	full	dose	
accumulation.	To	the	best	of	our	knowledge,	no	simple	reliable	procedures	are	available	
to	create	 these	averages,	and	we	assume	that	 the	selected	delineations	are	our	best	
available	estimate.	
	 The	 study	 is	 based	 on	 rCT	 data	 taken	 on	 average	 25	 minutes	 before	 the	 actual	
treatment	 fractions	 resulting	 in	 significantly	 smaller	 bladder	 volumes	 (Fig.	 9.1).	 In	 an	
earlier	 study	 we	 investigated	 the	 correlation	 between	 bladder	 and	 rectum	 volume	
changes	and	CTV	shape	variation	[4],	and	demonstrated	that	shape	variation	is	mainly	
driven	 by	 rectal	 filling,	 and	 not	 by	 bladder	 filling.	 Influence	 of	 the	 scan	 timing	 was	
therefore	expected	to	be	limited.	
	 For	the	sake	of	patient	burden	and	imaging	dose,	rCT	scans	were	not	acquired	for	all	
fractions.	Estimates	of	the	GM,	∑	and	σ	might	deviate	slightly	from	reality,	but	it	is	the	
best	estimate	available	in	literature.

Conclusions
With	systematic	and	random	CTV	shape	variation	up	to	0.9	and	0.8	cm	SD,	respectively,	
adaptive	 radiotherapy	 can	 be	 used	 to	 significantly	 reduce	 required	 PTV	 margins	 in	
neo-adjuvant	 treatment	 of	 locally-advanced	 rectal	 cancer.	 In	 the	 optimal	 adaptive	
radiotherapy	strategy	an	average	CTV	was	created	based	on	the	CTV	from	the	planning	
CT	and	repeat	CT	scans	during	the	first	4	fractions	of	treatment.	The	average	CTV	with	
a	significantly	reduced	PTV	margin	could	be	used	for	the	remainder	of	the	treatment.	
With	adaptive	radiotherapy	the	exposure	of	the	bowel	area	was	significantly	reduced,	
especially	for	relevant	late	toxicity	dose	levels	of	45	and	50	Gy,	while	CTV	coverage	was	
not	compromised.	Further	investigations	are	needed	to	balance	the	increased	complexity	
with	adaptive	radiotherapy	against	the	clinical	relevance.	
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From	 a	 historical	 point	 of	 view,	 surgery	 has	 always	 been	 the	main	 treatment	 option	
for	 rectal	 cancer	 patients.	 Starting	 with	 the	 Swedish	 rectal	 cancer	 trial	 [1],	 addition	
of	 radiotherapy	 in	 the	 treatment	 of	 rectal	 cancer	 has	 gained	 ground	 improving	 local	
control.	Based	on	the	EORTC	29921	trial	[2],	the	FFCD	9203	trial	[3],	the	Dutch	TME	trial	
[4],	the	German	pre-	vs.	post-CRT	trial	[5]	and	the	recent	MRC-CR07	trial	[6],	standard	of	
care	has	now	evolved	to	pre-operative	radiotherapy	in	5	fractions	of	5	Gy	for	early-stage	
rectal	cancer,	and	pre-operative	chemo-radiotherapy	with	approximately	25	fractions	of	
2	Gy	in	5	weeks	for	locally-advanced	rectal	cancer.	
	 Compared	 to	 other	 malignancies	 in	 the	 pelvis	 where	 radiotherapy	 is	 the	 main	
treatment	choice,	 such	as	prostate	cancer,	 little	has	been	 invested	 in	 the	accuracy	of	
radiotherapy	in	rectal	cancer.	Few	studies	are	available	on	inter-	and	intra-fraction	setup	
errors,	definition,	delineation	and	shape	variation	of	 the	clinical	 target	volume	 (CTV),	
and	finally,	no	adequate	planning	 target	 volume	 (PTV)	margins	have	been	defined	 to	
account	for	geometrical	uncertainties.	The	most	investigated	and	published	geometrical	
topics	have	been	influences	of	bladder	volume	and	orientation	of	the	patient.	Supine	and	
prone	position	and	the	use	of	a	belly	board	have	been	compared	on	dose	received	by	
the	small	bowel.	However,	no	general	consensus	has	been	reached	on	what	orientation	
should	be	used,	for	example,	in	the	Netherlands	patients	are	treated	40%	supine,	30%	
prone	and	30%	prone	with	a	belly	board	in	the	different	treatment	centers.
	 Because	 of	 the	 lack	 on	 sufficient	 knowledge	 on	 the	 geometrical	 uncertainties,	 or	
maybe	 the	view	 that	RT	 is	 a	 secondary	 treatment	 to	 surgery,	 intensity-modulated	RT	
(IMRT)	has	not	been	widely	implemented	for	rectal	cancer.	This	is	disappointing,	since	
planning	 studies	 have	 shown	 that	 use	 of	 IMRT	 can	 result	 into	 equal	 or	 better	 PTV	
coverage,	while	reducing	the	dose	to	the	small	bowel	[7,8].	Recently	Samuellian	et	al.	
[9]	showed,	in	a	retrospective	study	on	92	consecutive	patients,	a	clinically	significant	
reduction	in	acute	lower	gastro-intestinal	toxicity	when	using	IMRT.	
	 In	 the	 past	 few	 years,	 a	 tendency	 to	 apply	 less	 invasive	 transanal	 endoscopic	
microsurgery	 (TEM),	or	no	 surgery	at	 all	 in	 a	 “wait	 and	 see”	policy	 can	be	observed.	
These	types	of	treatment	rely	on	adequate	(chemo-)radiotherapy	to	assure	local	control	
[10-13],	except	for	TEM	surgery	in	small	T1N0	tumors.	In	the	more	advanced	cases,	dose-
escalation	to	the	gross	tumor	volume	(GTV)	can	be	used	to	improve	tumor	down-sizing	
and	down-staging	and	broaden	the	patient	group	suitable	for	minimal	invasive	surgery	
[12,13].	 Ultimately,	 dose	 escalation	 could	 result	 in	 an	 increase	 of	 clinical	 complete	
response,	after	which	the	“wait	and	see”	policy	can	be	applied	to	decide	on	surgery.
	 With	 increasing	 importance	of	 radiotherapy	 in	 the	 treatment	of	 rectal	 cancer	 it	 is	
also	mandatory	 to	 increase	 the	 knowledge	 on	 geometrical	 uncertainties,	 providing	 a	
base	for	more	accurate	treatment	using	IMRT.	The	work	provided	in	this	thesis	aimed	
to	 estimate,	 reduce	 and	 compensate	 for	 geometric	 uncertainties	 in	 radiotherapy	 of	
rectal	 cancer.	 The	 investigated	 uncertainties	 include	 patient	 setup	 and	 orientation,	
CTV	 definition	 and	 delineation,	 and	 shape	 variation.	 From	 derived	 shape	 variation	
uncertainties	a	PTV	margin	was	derived.	 Finally	 the	potential	margin	 reduction	using	
adaptive	radiotherapy	was	presented.	In	this	chapter	the	implications	of	the	provided	
work	and	issues	for	further	investigation	are	discussed.
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Patient setup and orientation
Supine	 setup	 is	 generally	 associated	with	more	 stability	during	 the	 irradiation,	easier	
setup	and	more	comfort,	while	prone	treatment,	especially	on	a	belly	board,	is	associated	
with	reduced	dose	to	 the	small	bowel	 [14-16].	 In	chapter	2	we	demonstrated	that	 in	
the	setting	of	 IMRT	with	very	conformal	delivery	of	dose,	and	a	 full	bladder	protocol	
the	use	of	a	belly	board	still	significantly	reduces	the	exposure	to	the	bowel	area.	The	
clinical	relevance	of	this	reduced	exposure	of	the	bowel	area	was	however	questioned,	
because	for	the	majority	of	patients,	cutoff	values	predicting	bowel	toxicity	[17-20]	were	
not	exceeded	in	any	of	the	orientations.	Apparently	the	use	of	IMRT	and	a	full	bladder	
protocol	 is	 sufficient.	 Based	 on	 these	 findings	 use	 of	 a	 belly	 board	 was	 advised	 for	
selected	patients	only	with	an	unfavorable	anatomy	that	would	result	in	a	high	exposure	
of	small	bowel.	Comparing	prone	and	supine	setup	on	a	flat	table	we	demonstrated	that	
there	was	no	difference	in	bowel	area	exposure.	For	patient	comfort	and	stability,	the	
general	treatment	of	rectal	cancer	patients	should	thereby	consist	of	IMRT	with	a	full	
bladder	protocol	and	supine	positioning.	
	 With	 imaging	 equipment	 on	 the	 treatment	 machines,	 such	 as	 electronic	 portal	
imaging,	 kV-	 or	 MV-Cone-beam	 CT	 or	 Tomotherapy,	 inter-fraction	 setup	 errors	 have	
been	 shown	 to	 be	 fairly	 small	 (0.1-0.4	 cm	 SD),	while	 daily	 online	 setup	 correction	 is	
clinically	 feasible	 [21-24].	 After	 online	 setup	 correction,	 the	 stability	 of	 the	 patients	
during	 treatment	becomes	 the	most	 important	 factor	determining	 setup	uncertainty.		
The	presented	 intra-fraction	setup	errors	 (chapter	6)	were	 for	patients	 treated	prone	
on	 a	 flat	 table	 with	 SCRT.	 Intra-fraction	 setup	 errors	 were	 small	 compared	 to	 other	
uncertainties,	such	as	shape-	and	delineation	variation.	Only	in	the	left-right	direction	
errors	were	∑=0.24	cm	and	σ=0.22	cm,	which	was	about	 twice	as	much	as	observed	
in	 supine	position	 [25].	This	finding	was	probably	due	 to	 the	 lack	of	bony	 support	 in	
the	abdomen	when	lying	in	prone	position.	Since	we	now	treat	our	patients	in	supine	
position	intra-fraction	setup	errors	will	be	negligible.

Clinical target volume definition
The	Dutch	consensus	guidelines	on	CTV	definition	for	early-stage	rectal	cancer	(chapter	
4)	were	based	on	the	evidence	based	guidelines	of	Roels	et	al.	[26].	The	Dutch	guidelines	
were	developed	by	summarizing	the	guidelines	and	reviewing	the	definition	of	each	CTV	
region	 in	 a	 consensus	meeting.	 The	only	major	 adaptation	was	 a	 stricter	 delineation	
around	the	sphincter	complex,	similar	 to	the	RTOG	atlas	 [27],	because	the	consensus	
was	that	local	recurrences	do	not	frequently	occur	in	the	ischiorectal	fossa	region.
	 The	most	 important	 goal	 of	developing	 the	guidelines	was	 to	 reach	a	nationwide	
uniform	 definition	 of	 the	 CTV,	 minimizing	 treatment	 differences	 between	 patients	
treated	in	different	hospitals.	We	have	shown	that	inter-observer	delineation	variation	
was	indeed	reduced	using	guidelines	and	a	delineation	atlas	(chapter	4).
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	 Where	CTV	delineation	guidelines	mainly	depend	on	for	distance	of	the	tumor	to	the	
anal	verge	[26,	27],	other	clinical	factors	are	more	predictive	for	local	control.	We	have	
shown	that	the	few	patients	with	a	recurrence	after	a	negative	CRM	and	node	negative	
disease	at	pathology	all	recurred	in	the	mid-	and	caudal	part	of	the	pelvis,	independent	
of	SCRT	(chapter	5).	Based	on	these	findings	we	concluded	that	for	these	patients	the	
extent	of	the	CTV	at	the	level	of	the	promontory,	S1	and	S2	does	not	add	in	the	prevention	
of	 local	 recurrences,	 and	 can	 therefore	 be	 omitted.	 The	 idea	 of	 lowering	 the	 cranial	
border	of	the	CTV	was	earlier	suggested	by	Syk	et	al.	[28,29]	and	by	Chien	et	al.	[30]	in	a	
response	to	Yu	et	al.	[31].	Unfortunately,	these	studies	had	only	few	patients	with	local	
recurrences	(33	and	36,	respectively)	and	data	presented	was	not	randomized	between	
RT	and	no-RT.	The	findings	provided	in	this	thesis	are	therefore	important	evidence	to	
further	explore	the	possible	reduction	of	the	CTV	based	on	prognostic	factors.	Ideally,	
a	randomized	trial	comparing	a	standard	CTV	with	the	reduced	CTV	and	local	control	as	
primary	outcome	would	be	needed,	but	such	a	trial	would	demand	for	inclusion	of	too	
many	patients	to	be	practical,	due	to	high	local	control.	
	 In	a	 recent	discussion	on	 implementing	the	 recommendations	of	chapter	5	 in	 the	
Netherlands	 an	 important	 comment	was	 raised.	 The	proposed	 cranially	 reduced	CTV	
is	defined	based	on	bony	anatomy,	whereas	 currently	 the	CTV	definition	 is	based	on	
soft	tissue.	Patterns	of	local	recurrence	are	probably	more	dependent	on	anatomic	soft-
tissue	borders	than	bony	anatomy.	As	an	alternative	approach	the	cranial	border	could	
be	lowered	to	the	level	where	the	rectum	turns	into	the	sigmoid	colon.	At	this	level	the	
transition	from	mesorectum	to	presacral	space	is	 located,	which	is	a	more	acceptable	
anatomical	border	for	local	spread.	An	important	demand	for	adapting	the	CTV	definition	
to	prognostic	factors	is	a	clear	statement	on	mesorectal	fascia	(MRF)	threat	and	node	
negativity	from	the	radiologist.	The	latter	is	the	more	challenging	part,	with	a	specificity	
of	approximately	80%	on	MR	[32-34],	compared	to	over	90%	specificity	for	assessing	the	
MRF	threat	[35-37].	
	 The	 delineation	 guidelines	 of	 Roels	 et	 al.	 [26]	 were	 based	 on	 a	 review	 of	 local	
recurrence	 sites	 in	 literature.	 For	 further	 specification	 of	 the	 CTV	 definition,	 ideally	
randomized	trials	comparing	treatment	with	and	without	RT	(such	as	in	chapter	5),	or	
comparing	different	CTV	definitions	should	be	used.	The	chance	that	these	trials	will	be	
launched	in	the	near	future	is	however	small,	since	addition	of	RT	has	been	established	
as	 the	standard	of	care.	As	an	alternative	a	pooled	analysis	of	 the	major	 randomized	
trials	could	be	done.	However,	most	trials	lack	a	3D	analysis	of	recurrence	patterns,	and	
the	difference	in	CTV	definition	between	the	trials	is	generally	not	large	and	based	on	
bony	anatomy	instead	of	soft	tissue.

Clinical target volume delineation
We	have	shown	that	CTV	delineation	variation	is	a	substantial	uncertainty	that	can	be	
reduced	significantly	using	delineation	guidelines	and	an	atlas	(chapters	3	&	4).		Residual	
delineation	 variation	 was,	 however,	 disappointing	 with	 differences	 in	 CTV	 borders	
between	observers	still	in	the	order	of	centimeters,	rather	than	millimeters.	
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	 There	are	several	options	to	further	reduce	delineation	variation.	Following	a	Belgium	
rectal	cancer	project,	CTV	delineation	could	be	reviewed	in	a	central	expert	institution	to	
monitor	CTV	delineation	and	establish	a	learning	curve	by	giving	feedback	[38].	
	 Addition	 of	 other	 imaging	modalities,	 especially	MR,	 after	 image	 fusion	with	 the	
planning	CT	could	potentially	further	reduce	the	delineation	variation.	MRI	is	generally	
accepted	as	the	best	imaging	modality	to	estimate	the	distance	from	the	tumor	to	the	
MRF,	due	to	better	visibility	of	both	the	tumor	and	MRF	compared	to	CT	[35,	36]	(Fig.	
10.1).	Use	of	MR	 for	 target	volume	delineation	has	already	been	proven	 favorable	 in	
prostate	and	head	and	neck	cancer	[39].	Potential	problems	occur	when	the	anatomy	
surrounding	 the	rectum	deformed	substantially	between	the	CT	and	MR	scan.	 In	 this	
situation	 deformable	 registration	 algorithms	 are	 needed	 to	 equalize	 the	 anatomy	
between	both	and	optimally	use	the	complementary	imaging	information	[40].

	 Finally	 auto-segmentation	 has	 the	 potential	 to	 produce	 unambiguous	 CTV	
delineations,	since	it	relies	 less	on	visual	 interpretation	of	 images.	Auto-segmentation	
is,	however,	currently	not	advanced	enough	for	reliable	CTV	delineation	in	rectal	cancer.	
In	prostate	cancer,	 for	example,	auto-segmentation	has	been	shown	to	produce	good	
to	excellent	delineations	of	the	prostate	and	bladder,	but	for	the	rectum	itself	results	
were	often	not	acceptable	[41].	With	less	visible	anatomical	borders	for	the	CTV	in	rectal	
cancer,	 especially	 for	 the	 lymph	 node	 regions,	 auto-segmentation	will	 likely	 be	 even	
more	inaccurate.
	 The	provided	work	on	shape	variation	of	the	CTV	(chapters	6,	7	and	8)	was	totally	
based	on	delineation	of	target	volumes	on	repeat	CT	and	CBCT	images.	To	minimize	the	
influence	of	 delineation	 variation	 in	 these	 studies,	 the	 planning	 CT	 and	 repeat	 scans	
were	delineated	by	one	observer	per	patient.	The	planning	CT	delineations	were	first	
discussed	 in	 a	 group	of	 observers	 and	 subsequently	 used	as	 example	 for	 delineation	
of	 the	 repeat	 scans.	 The	 intra-observer	 variation	 for	 this	 approach	was	 shown	 to	 be	
acceptable,	in	the	order	of	0.2-0.3	cm	SD	(chapter	7).

Fig 10.1: Sagittal	view	of	a	rectal	cancer	patient	both	on	CT	(Left)	and	MR	(Right)	after	bony	anatomy	registra-
tion.	Note	the	clear	superiority	in	soft	tissue	contrast	in	the	MR	image,	especially	the	rectum-prostate	border	
(arrow).	Although	the	bladder	volume	is	different,	the	rectum	anatomy	is	very	similar	between	both	scans.
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Clinical target volume shape variation
Literature	on	target	volume	shape	variation	is	scarce,	and	available	studies	are	either	on	
post-operative	patients,	ignore	inter-patient	variation,	do	not	divide	shape	variation	in	
systematic	and	random	errors,	or	ignore	heterogeneity	of	shape	variation	[24,	42-44].	All	
available	studies	are	based	on	data	acquired	during	CRT,	prone	positioning	and	provide	
shape	variation	only	for	a	part	of	the	CTV.
	 In	this	thesis	the	knowledge	on	CTV	shape	variation	was	extended	by	investigating	
shape	variation	in	SCRT,	and	comparing	variation	between	prone	and	supine	positioning	
(chapters	6,	7).	We	also	described	CTV	shape	variation	for	the	entire	CTV,	instead	of	the	
mesorectal	part	only,	and	were	able	to	compare	shape	variation	between	SCRT	and	CRT	
(chapter	8).
	 When	 evaluating	 the	 results	 of	 the	 different	 studies	 it	 is	 clear	 that	 CTV	 shape	
variation	is	substantial,	with	systematic	errors	up	to	1.0	cm	SD.	Shape	variation	was	also	
heterogeneous,	and	differences	exist	between	SCRT	and	CRT.	 In	patients	treated	with	
CRT	a	time	trend	in	rectal	volume	was	present	resulting	in	a	mean	reduction	of	the	CTV	
size	towards	the	end	of	the	treatment	(chapter	8).	Positioning	patients	prone	or	supine	
on	a	flat	table	did	not	influence	the	shape	variation.
	 The	results	for	the	mesorectal	part	of	the	CTV	based	on	CBCT	data	(chapters	6	&	7)	
showed	slightly	smaller	systematic	and	random	errors	compared	to	the	repeat	CT	data	
(chapter	8).	The	significant	difference	in	systematic	shape	variation	at	the	upper	anterior	
edge	of	the	mesorectum	between	male	and	female	patients	in	the	CBCT	data	(chapters	
6	&	7)	was	not	confirmed	in	the	repeat	CT	study	(chapter	8).	 In	the	CBCT	studies	the	
average	 delineated	mesorectum	 length	 was	 approximately	 10	 cm,	 while	 for	 the	 rCT	
studies	the	delineated	mesorectum	was	on	average	13	cm.	This	3	cm	difference	might	
be	the	reason	for	the	observed	differences	between	the	studies.	Also	the	image	quality	
of	the	CT	scans	is	superior	to	the	CBCT	scans	(Fig.	7.1)	for	which	we	tend	to	rely	more	on	
the	repeat	CT	data.	For	logistical	purposes	it	is,	however,	more	convenient	to	use	CBCT,	
i.e.	advances	in	CBCT	image	quality	are	necessary.
	 The	most	comparable	study	in	literature	is	by	Nuyttens	et	al.	[42],	describing	variation	
of	the	anterior	border	of	the	CTV	in	repeat	CT	data	of	patients	treated	with	CRT,	although	
mostly	post-operative.	Their	results	were	confirmed	with	the	repeat	CT	data	(chapter	8),	
showing	large	and	heterogeneous	shape	variation.	The	similarity	in	results	also	indicates	
that	shape	variation	might	be	comparable	between	pre-	and	post-operative	RT	patients.
	 The	work	provided	 in	 this	 thesis	 adds	 to	 the	 limited	data	available	on	CTV	 shape	
variation	 in	 literature.	 Hopefully	 similar	 studies	will	 be	 conducted	 in	 the	 near	 future	
to	 confirm	 our	 findings.	 Especially	 deformable	 image	 registration	 based	 studies	with	
accurate	tissue	correspondence	between	different	scans	would	be	welcome	to	evaluate	
the	model	used	for	shape	variation	in	this	thesis.	For	example	repeat	MR	images	with	
high	soft-tissue	contrast	could	be	used	for	validation.
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PTV margins
Planning	target	volume	margins	are	designed	to	take	geometric	uncertainties	into	account	
and	assure	a	certain	dose	to	the	CTV	for	a	certain	percentage	of	the	patient	population	
[45,	 46].	 These	margins	 are	 thereby	balancing	 the	 risk	of	 geometric	 target	miss	with	
normal	tissue	complication.	Known	margin	 recipes	 for	calculation	of	PTV	margins	are	
defined	for	rigid	translational	geometric	uncertainties,	not	for	shape	variations.	
	 There	are	only	two	studies	available	in	which	an	estimate	of	the	required	PTV	margin	
has	 been	made	 for	 pre-operative	 RT	 of	 rectal	 cancer,	 including	 shape	 variation	 [24,	
43].	 In	both	studies	 important	shortcomings	can	be	 identified,	hampering	 the	clinical	
applicability	of	the	derived	margin.	As	described	earlier,	both	studies	averaged	the	shape	
variation	over	all	measurements,	all	patients	and	over	the	whole	surface,	ignoring	the	
heterogeneity	of	shape	variation	and	the	effect	of	systematic	and	random	errors.	In	the	
study	of	 Tournel	 et	 al.	 [24]	 the	PTV	margins	were	estimated	by	 adding	 the	Gaussian	
distributions	 of	 the	 intra-fraction	 setup	 errors	 and	 the	 shape	 variation	 errors,	 while	
ignoring	systematic	components	of	both	distributions.	The	95%	confidence	interval	of	
the	total	Gaussian	distribution	was	taken	for	the	PTV	margins,	assuming	95%	physical	
target	coverage	of	all	 treatment	fractions	 in	the	population.	However,	by	not	dividing	
the	uncertainties	into	systematic	and	random	components,	and	not	applying	different	
weights	 to	 the	 systematic	 and	 random	 errors	 to	 calculate	 the	 required	 PTV	margin,	
resulting	margins	are	an	underestimation.	
	 In	the	study	of	Brierly	et	al.	[43]	the	PTV	margin	recipe	for	rigid	geometric	uncertainties	
of	 van	Herk	 et	 al.	 [45]	was	 applied	 to	 systematic	 and	 random	 shape	 variation	 errors	
which	were	 underestimated	because	 of	 averaging.	 The	 provided	 PTV	margins	 of	 less	
than	0.8	cm	are	therefore	to	our	opinion	insufficient	for	appropriate	target	coverage.	
	 The	approach	in	this	thesis	(chapter	8)	was	to	define	the	PTV	margins	locally,	resulting	
in	larger	margins	where	the	shape	variation	was	also	larger,	and	vice	versa.	The	margin	
recipe	was	 established	 by	 accumulating	 CTV	 dose	 using	 simulated	 dose	 distributions	
(chapter	8).	With	the	planned	dose	distributions	in	the	ART	study	(chapter	9),	we	have	
shown	 that	 the	 derived	 margins	 also	 assure	 sufficient	 CTV	 coverage	 with	 clinically	
applicable	IMRT	plans.
	 With	 a	 maximum	 anterior	 PTV	 margin	 for	 the	 upper-anterior	 region	 of	 the	
mesorectum	 of	 2.4	 cm	 and	 3.2	 cm	 for	 CRT	 and	 SCRT,	 respectively,	 derived	 margins	
were	substantially	larger	than	the	current	clinical	uniform	1	cm	margin.	These	margins	
were,	however,	derived	based	on	strictly	delineated	CTVs	according	 to	 the	guidelines	
(chapter	5),	while	in	clinical	practice	the	generous	anterior	border	for	the	mesorectum,	
as	proposed	by	the	RTOG	[27],	is	applied.	Interestingly,	the	strictly	delineated	CTV	plus	
the	larger	margin	resulted	in	PTV	volumes	which	were	approximately	20%	smaller	than	
the	generously	delineated	clinical	CTV	plus	1	cm	margin.	When	visually	assessing	 the	
differences	between	the	clinical	PTVs	and	the	proposed	PTVs,	the	volume	reduction	was	
mainly	achieved	at	the	level	of	the	prostate,	bladder	cervix	and	uterus.	Interestingly,	the	
clinical	PTVs	tended	to	be	somewhat	smaller	at	the	level	of	the	small	bowel,	implicating	
a	 current	 lack	 of	 coverage.	With	 clearly	 defined	CTV	delineations,	 and	 validated	 PTV	
margins	target	volumes	for	rectal	cancer	RT	are	likely	to	be	more	reproducible,	smaller	
and	more	accurate.
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	 It	is	important	to	note	that	the	proposed	margins	only	account	for	shape	variation	
errors.	 Other	 uncertainties,	 such	 as	 setup	 and	 delineated	 errors,	 should	 also	 be	
incorporated	 in	 the	 PTV	 margin.	 With	 online	 setup	 correction,	 only	 intra-fraction	
instability	 an	 important	 error	 source.	 With	 intra-fraction	 setup	 errors	 being	 small	
compared	to	shape	variation,	 influence	on	CTV	coverage	was	also	shown	to	be	small,	
using	simulations	(chapter	8).		Incorporation	of	delineation	uncertainties	is	much	more	
complex,	since	generally	the	gold	standard	CTV	is	not	known.	Observers	who	delineate	
always	too	small	or	always	too	large	will	have	a	different	effect	on	cure	and	toxicity	of	a	
patient.	I	do	not	think	that	just	adding	the	derived	standard	deviations	for	delineation	
variation	 to	 the	 shape	 and	 setup	 variation	 in	 the	 margin	 concept	 is	 sufficient	 and	
acceptable	 to	overcome	this	problem.	For	 rectal	cancer	 this	would	result	 in	a	 further	
increase	 of	 the	 required	 margin	 to	 beyond	 4.0	 cm,	 while	 clinical	 evidence	 on	 local	
control	is	generally	good	and	not	suggesting	under	dosage.	As	suggested	by	Weiss	and	
Hess	[49],	 it	would	be	more	beneficial	to	focus	on	strict	delineation	guidelines,	multi-
modality	information	and	multi-disciplinary	discussions	with	radiologists	and	diagnostics	
to	reduce	delineation	variation.
	 Another	point	of	discussion	 is	 the	need	to	cover	the	entire	CTV	ensuring	the	95%	
minimum	dose	for	90%	of	the	patients.	As	the	CTV	is	constructed	out	of	the	GTV	and	an	
elective	target	volume,	for	which	a	substantial	part	might	not	contain	any	tumor	cells,	
coverage	might	also	be	reduced.	Since	data	on	probabilities	of	tumor	cell	distributions	
is	 lacking	 it	 is	 not	 trivial	 to	 decide	 for	which	 regions	 in	what	 patients	 the	 treatment	
planning	constraints	can	be	relaxed.

Adaptive RT
The	concept	of	adaptive	radiotherapy	(ART)	has	been	introduced	by	the	Beaumont	group	
in	 1997,	 to	 either	 reduce	 or	 compensate	 for	 the	 effect	 of	 patient	 specific	 treatment	
variation	 during	 RT	 [50].	 ART	 can	 be	 focused	 on	 treatment	 effects,	 such	 as	 tumor	
shrinkage	or	changes	measured	on	biological	imaging	[51],	but	ART	can	also	be	focused	
on	geometrical	 uncertainties,	 especially	 the	 systematic	errors	 [50].	 In	 this	 thesis,	 use	
of	single	plan	adaptation	during	CRT	based	on	repeat	CT	images	of	the	first	4	fractions	
resulted	 in	a	significant	 reduction	of	 the	systematic	errors,	with	a	 reduction	 from	0.9	
cm	SD	to	0.5	cm	SD	at	the	upper-anterior	part	of	the	mesorectum	(chapter	9).	With	this	
reduction,	maximum	required	PTV	margins	for	shape	variation	could	be	reduced	from	
2.4	cm	to	1.7	cm	resulting	in	a	significant	reduction	of	the	volume	of	bowel	receiving	45	
and	50	Gy.	
	 Since	the	birth	of	the	concept	in	1997,	ART	has	always	been	a	hot	topic	in	radiotherapy	
research,	because	of	 its	high	potential.	Unfortunately,	 clinical	 implementation	of	ART	
has	 always	 been	 difficult,	 requiring	 a	 fundamental	 shift	 of	 the	 infrastructure	 of	 the	
radiotherapy	process	from	the	conventional	open-loop	planning/treatment	process	to	a	
closed-loop	feedback	control	process	[52].	This	is	also	the	case	for	our	proposed	ideal	ART	
strategy	(chapter	9).	Acquiring	repeat	CT	images	during	the	first	4	fractions,	delineation	
of	the	CTV	on	all	scans	and	re-optimizing	a	treatment	plan	on	the	average	CTV	is	very	
labor	intensive.	The	associated	workload	might	outweigh	the	clinical	dosimetric	benefit.	
Adapting	based	on	an	average	CTV	over	the	planning	CT	and	only	1	repeat	CT	already	
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reduced	the	systematic	error	substantially.	A	more	practical	ART	procedure	could	be	to	
acquire	2	planning	CT	scan	of	a	patient	on	different	days	preceding	the	treatment	and	
derive	an	average	CTV	out	of	both	scans.	The	reduction	in	PTV	margin	would	be	slightly	
smaller	than	the	ART_4	procedure,	while	the	workload	would	be	reduced	substantially.
	 Due	to	the	systematic	reduction	of	the	rectal	volume	and	the	CTV	towards	the	end	
of	 CRT	 treatment,	 more	 sophisticated	 adaptive	 procedures	 could	 potentially	 further	
reduce	required	margins.	A	plan	could,	for	example,	be	altered	halfway	during	treatment	
when	repeated	in-room	imaging	has	revealed	a	systematic	shape	change	of	the	CTV.	The	
easiest	adaptation	would	be	to	make	a	new	planning	CT	and	create	a	new	treatment	
plan.	As	a	more	technically	challenging	alternative,	 the	 in-room	 images	could	also	be	
registered	to	the	planning	CT	using	deformable	image	registration,	providing	the	option	
to	deform	the	original	planning	CT	to	the	average	anatomy	from	the	treatment.	Reliable	
deformable	image	registration	for	the	pelvis	should	than	first	be	implemented.

Clinical implications
The	 findings	 provided	 in	 this	 thesis	 clearly	 influenced	 the	 clinical	 practice	 in	 our	
department.	Treatment	of	rectal	cancer	patients	has	been	changed	from	prone	to	supine	
on	a	flat	table	based	(chapter	2).	This	has	increased	patient	comfort	and	intra-fraction	
stability.	We	are	currently	implementing	de	delineation	guidelines	(chapter	4),	and	adapt	
the	CTV	definition	in	early-stage	rectal	cancer	based	on	expected	CRM	and	nodal	status	
(chapter	5),	not	only	locally,	but	also	nationally.	With	stricter	delineation	of	the	CTV,	we	
will	also	 introduce	 the	provided	evidence-based	PTV	margins	 (chapter	8).	With	 these	
changes	we	will	be	able	 to	provide	more	 reliable,	accurate	and	 smaller	CTV	and	PTV	
volumes,	essential	 input	for	 IMRT.	The	changes	will	 in	general	result	 in	a	reduction	of	
dose	to	the	organs	at	risk.	The	IMRT	will	actually	be	delivered	using	intensity-modulated	
arc	therapy,	reducing	the	actual	treatment	time.	
	 The	main	missing	part	 is	 implementation	of	adaptive	 radiotherapy	 (chapter	9).	To	
my	opinion,	the	reduction	in	required	PTV	margin	and	subsequent	reduction	in	bowel	
exposure	does	not	outweigh	the	burden	of	re-scanning,	re-delineating	and	re-planning.	
In	 future	 this	 could	 change	 when	 re-delineation	 of	 the	 CTV	 can	 be	 automated	 by	
deformable	 image	registration	and	contour	propagation.	 It	would	also	be	beneficial	 if	
cone-beam	CT	images	could	be	used	instead	of	repeat	CT,	since	they	are	acquired	for	
setup	correction	anyway.
	 An	alternative	option	to	ART	is	to	calculate	a	library	of	plans	based	on	the	CTV	and	a	
series	of	PTV	margins,	and	subsequently	choose	the	adequate	plan	for	each	treatment	
fraction	based	on	a	pre-treatment	CBCT.	An	important	advantage	of	this	plan	selection	
approach	is	that	it	also	takes	random	shape	variation	into	account,	which	has	been	proven	
to	 be	 substantial.	 Another	 advantage	 of	 plan	 selection	 over	 adapting	 the	 treatment	
plan	during	treatment	 is	 that	 it	 is	also	applicable	 for	SCRT.	 In	the	repeat	CT	study	we	
also	acquired	CBCT	scans	on	the	days	of	the	repeat	CT	scans.	This	data	will	be	used	to	
investigate	the	plan	selection	approach	in	the	near	future.	Ideally	one	would	like	to	re-
optimize	the	treatment	plan	based	on	the	anatomy	from	the	CBCT	scan	at	every	fraction.	
However,	 this	 plan	 of	 the	 day	 approach	 can	 only	 become	 clinically	 applicable	 when	
automated	 fast	CTV	adaptation	and	plan	calculation	 is	available,	 in	 combination	with	
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treatment	plan	verification.	Maybe	the	development	of	an	integrated	linear	accelerator	
with	an	MRI	[53]	for	image	guidance	will	provide	sufficient	soft	tissue	contrast	for	further	
explore	the	“plan	of	the	day”	strategies.

Future directions
With	 rectal	 cancer	 being	 treated	 in	 a	 multi-disciplinary	 setting,	 different	 oncologic	
specialties	anticipate	different	directions	in	the	future.	The	actual	importance	of	RT	in	
the	future	is	depending	on	the	type	of	surgery.	If	the	general	surgical	approach	for	all	
patients	will	continue	to	be	standardized	radical	total	mesorectal	excisions,	then	better	
patient	 selection	 due	 to	 better	 diagnostic	 imaging	 and	 tumor	 dependent	 prognostic	
factors	 will	 possibly	 allow	 less	 RT,	 to	 reduce	 the	 current	 overtreatment.	 If	 minimal	
invasive	surgery	will	gain	popularity,	RT	will	become	more	important	for	rectal	cancer	
treatment.	In	the	following	section	I	will	elaborate	on	RT	and	minimal	invasive	surgery,	
followed	by	RT	response	prediction	and	measurement,	and	finally	overtreatment	with	
RT	in	TME	surgery.	

Minimal invasive surgery, “wait and see”
One	of	the	major	paradigm	shifts	in	treatment	of	rectal	cancer	is	the	tendency	towards	
minimal	 invasive	 surgery,	 or	 even	 completely	 omitting	 surgery.	 These	 treatments	
generally	 result	 in	 less	 morbidity,	 and	 for	 patients	 in	 which	 unfavorable	 outcome	 is	
observed,	such	as	positive	resection	margins	in	case	of	a	TEM	procedure	or	local	recurrent	
disease	after	a	wait	and	see	period,	there	is	still	a	fall-back	procedure	by	doing	radical	
TME	surgery.	In	the	minimal	invasive	setting	it	is	interesting	to	explore	the	possibilities	
and	effects	of	delivering	a	boost	dose	to	the	GTV,	while	delivering	a	lower	dose	to	the	
CTV.	
	 For	 minimal	 invasive	 surgery	 the	 transanal	 endoscopic	 microsurgery	 (TEM),	
introduced	by	Buess	et	al.	[54]	in	1985,	is	generally	used.	The	TEM	as	sole	treatment	is	
generally	only	applied	for	patients	with	benign	rectal	tumors,	small	well	differentiated	
T1	tumors	and	in	the	palliative	setting	[10,11].	Local	control,	cancer	specific	and	overall	
survival	of	over	90%	is	generally	achieved	for	patients	treated	with	curative	intent.	When	
applied	 to	patients	with	poorly	differentiated	T1,	or	with	T2/T3	 tumors,	 local	 control	
is	 significantly	 reduced	 compared	 to	 TME	 surgery,	 with	 up	 to	 50%	 local	 recurrences	
[10,11].	
	 For	patient	with	T2-3	node	negative	disease,	neo-adjuvant	 (chemo-)	 radiotherapy	
followed	by	a	TEM	excision	seems	to	be	a	tempting	alternative	to	neo-adjuvant	treatment	
followed	by	 radical	 surgery	 [12-13].	 Lezoche	 et	 al.	 [12]	 showed	excellent	 results	 in	 a	
dataset	of	100	patients	treated	with	50.4	Gy	RT	in	28	fractions	followed	by	a	TEM,	with	
5%	local	recurrences,	2%	distant	recurrence,	89%	rectal	cancer	specific	survival	and	72%	
overall	survival	after	90	months	follow-up.	The	most	important	factor	determining	good	
clinical	outcome	was	down-sizing	and	down-staging	of	the	tumor	after	the	neo-adjuvant	
treatment.	
	 To	 further	 expand	 the	minimal	 invasive	 approach,	 the	most	 important	 effect	 that	
needs	 to	 be	 achieved	 is	 tumor	 down-staging	 and	 down-sizing.	 Several	 studies	 have	
shown	 a	 dose-effect	 relation	 in	 rectal	 cancer	 [55-58],	 implying	 that	 dose	 escalation	
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might	be	a	suitable	option.	Dose	escalation	generally	consists	of	a	boost	dose	given	to	
the	GTV	while	maintaining	a	standardized	dose	to	the	CTV.	Several	options	are	available	
for	boost	dose	delivery,	 such	as	 contact	 therapy	 [58],	endorectal	brachy-therapy	 [59]	
or	external	beam	RT	(EBRT).	With	use	of	IMRT	it	is	possible	to	deliver	a	simultaneously	
integrated	boost	(SIB)	to	the	GTV,	while	giving	the	standard	dose	to	the	CTV	[60,	61].	The	
advantage	of	SIB	over	contact-	or	brachy-therapy	is	that	treatment	time	is	not	prolonged	
and	patient	burden	is	not	increased,	although	dose	to	the	organs	at	risk	is	potentially	
higher.	
	 With	 the	 results	 provided	 in	 this	 thesis,	 the	 CTV	 and	 PTV	 will	 generally	 become	
smaller	compared	to	current	clinical	practice.	This	gain	can	be	used	to	increase	the	boost	
to	the	GTV	while	maintaining	iso-toxic	bowel	exposure.	
	 As	shape	variation	of	the	CTV	in	rectal	cancer	is	substantial,	applying	a	boost	to	the	
GTV	will	further	complicate	the	radiotherapy,	since	the	positional	variation	of	the	GTV	
within	the	CTV	also	needs	to	be	taken	into	account.	In	post-operative	setting,	Nuyttens	
et	al.	[42]	reported	that	clips	placed	at	the	anastomosis	moved	in	canial-caudal	direction	
in	the	order	of	1	–	1.5	cm	from	day-to-day.	Vorwerk	and	colleagues	[62]	implanted	2-3	
gold	markers	in	the	tumor	region	pre-operatively	and	measured	positional	variation	with	
3D	vector	displacements	of	0.99	cm	SD	with	respect	to	the	treatment	fields.	Based	on	
these	data	it	is	clear	that	a	substantial	margin	is	needed	to	cover	GTV	motion.	The	use	of	
implanted	fiducial	markers	is	also	attractive	for	image-guided	RT,	in	which	it	can	be	used	
as	a	surrogate	for	position	deviations	of	the	GTV	within	the	CTV.		

Fig. 10.2:	Example	of	 lymph	node	positions	on	the	9	repeat	CT	scans	for	a	 locally	
advanced	rectal	cancer	patient	in	sagittal	view	of	the	planning	CT	scan.	Maximum	
displacements	were	 0.4,	 1.5	 and	 1.1	 cm	 in	 left-right,	 cranial-caudal	 and	 anterior-
posterior	direction,	respectively.
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	 To	get	an	impression	of	lymph	node	movement	within	the	mesorectum	we	delineated	
9	enlarged	lymph	nodes	in	2	advanced	rectal	cancer	patients	from	the	repeat	CT	study	
(Fig.	10.2).	Depending	on	the	location	of	the	lymph	node,	day-to-day	motion	was	in	the	
order	of	0.2	cm	close	 to	 the	posterior	wall	of	 the	mesorectum,	while	 translations	up	
to	1.5	cm	were	found	close	to	the	rectum	itself.	The	movement	of	lymph	nodes	will	be	
subject	of	further	investigation.
	 It	 is	 important	to	realize	that	 treatment	using	a	TEM	or	“wait	and	see”	after	neo-
adjuvant	 (chemo-)	 radiotherapy	 makes	 the	 rectum	 itself	 an	 organ	 at	 risk,	 because	
the	rectum	is	not	removed	at	surgery.	Tolerance	 limits	 for	the	rectum	are	extensively	
studied	 in	 prostate	 cancer	 patients,	 but	 the	 dose	 distribution	 in	 these	 treatments	 is	
substantially	different	compared	to	rectal	cancer	[63].	In	prostate	cancer	RT	only	a	small	
part	of	the	rectum	is	exposed	to	a	high	dose	(>60	Gy),	while	 in	rectal	cancer	patients	
the	whole	rectum	will	be	part	of	the	CTV,	receiving	a	base	dose	of	at	least	45	Gy.	Some	
studies	on	prostate	cancer	patients	suggest	that	the	probability	of	late	rectal	bleeding	
increases	when	a	 large	part	of	 the	rectum	surrounding	 the	high	dose	region	receives	
an	 intermediate	dose	of	around	35	Gy	 [64,	65],	suggesting	a	bath	and	shower	effect.	
Suggestions	were	made	that	the	rectal	mucosal	regeneration	is	affected,	which	would	
also	 be	 the	 case	 for	 rectal	 cancer	 patients.	 Extensive	 dose	 escalation	 studies	 should	
therefore	be	conducted	to	validate	the	tolerance	limits	of	adding	a	GTV	boost,	evaluating	
quality	of	life	and	functional	outcome.	
	 For	patients	with	locally	advanced	inoperable	rectal	cancer	minimal	invasive	surgery	
or	“wait	and	see”	after	neo-adjuvant	(chemo-)	radiotherapy	is	obviously	not	a	suitable	
option.	However,	also	in	this	patient	population	the	concept	of	dose	escalation	might	be	
clinically	relevant.	In	operable	rectal	cancer	dose	escalation	can	be	used	to	increase	the	
amount	of	sphincter	saving	surgery	procedures,	reducing	morbidity	[58]	although	not	all	
studies	were	able	to	prove	this	effect	[5,	66].	For	patients	with	inoperable	rectal	cancer	
neo-adjuvant	 chemo-radiation	can	be	used	 to	 reduce	 tumors	 such	 that	 they	become	
operable	in	up	to	57%	of	patients	[67].	Dose	escalation	might	be	used	to	increase	this	
percentage.	
	 For	all	treatment	settings,	reduced	PTV	volumes	(chapter	8),	further	PTV	reduction	
using	adaptive	radiotherapy	(chapter	9),	optimal	small	bowel	exposure	reduction	using	
a	belly	board	with	a	full	bladder	(chapter	2)	and	more	uniform	CTV	definition	(chapter	3	
&	4)	will	altogether	allow	for	extra	dose	escalation.

Imaging treatment response
The	gold	standard	to	accurately	assess	tumor	response	after	neo-adjuvant	RT	is	obviously	
pathological	examination	of	the	resection	specimen.	To	facilitate	the	minimal	 invasive	
surgery	and	“wait	and	see”	approaches,	alternative	and	earlier	response	prediction	is	
needed.	Standard	imaging	modalities	such	as	CT	and	T2-weighted	MR,	using	morphologic	
and	 size-related	 criteria,	 can	not	be	used	 to	accurately	differentiate	 responders	 from	
non-responders	 [68].	With	 functional	 imaging	 it	 is	possible	 to	discern	 the	 responders	
from	the	non-responders	during	and	after	neo-adjuvant	RT.	Especially	 18Fluoro-Deoxy-
Glucose	Positron	Emission	Tomography	(18FDG	PET)	and	Diffusion	Weighted	MRI	(DW-
MRI)	are	used	for	response	prediction.	The	response	prediction	consists	of	measuring	
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differences	 between	 the	 functional	 images	 acquired	 before	 treatment,	 and	 the	 ones	
acquired	during	or	just	after	treatment.	
 For 18FDG	PET,	the	reduction	in	standardized	uptake	value	(SUV)	can	be	used	to	predict	
the	pathological	complete	responders	(pCR)	with	a	cut-off	of	66%	reduction	resulting	in	
a	77%	positive	predictive	value	and	89%	negative	predictive	value	[69].	The	additional	
value	of	the	relative	change	in	SUV	next	to	the	clinical	tumor	data	in	predicting	a	pCT	
was	shown	by	van	Stiphout	et	al.,	who	developed	a	predictive	model	for	pathological	
complete	remission	(pCR)	based	on	a	pooled	multicenter	database	of	953	patients	[70].
	 In	DW-MRI	the	apparent	diffusion	coefficient	(ADC),	which	is	a	measure	to	describe	
the	permeability	of	water	molecules	within	tissue,	 is	used	for	response	prediction.	 In	
tumor	tissue	the	water	molecules	are	restricted	due	to	high	cell	density,	resulting	in	low	
ADC	values.	Lambrecht	et	al.	 [71],	showed	that	patients	with	a	pCR	have	significantly	
lower	ADC	values	before	treatment,	significantly	higher	ADC	values	after	10-15	fractions	
and	also	after	CRT,	indicating	that	these	factors	can	be	used	to	predict	a	pCR.	
	 Ultimately	DW-MRI	and	 18FDG-PET	can	be	combined	to	predict	which	patients	will	
have	a	pCR.	Lambrecht	et	al.	 [72]	showed	that	using	a	cutoff	point	 for	pre-treatment	
ADC,	 in	combination	with	 the	reduction	 in	SUVmax	between	pre-treatment	and	after	
10	 fractions	 resulted	 in	a	100%	sensitivity	and	a	94%	specificity	 for	predicting	a	pCR.	
Functional	 imaging	 is	 therefore	a	promising	tool	 to	predict	a	pCR	without	a	resection	
specimen.	 Although	 promising,	 use	 FDG-PET	 and	 DW-MRI	 is	 not	widespread,	mainly	
because	imaging	protocols	and	data	analysis	should	first	be	improved	in	order	to	ensure	
the	very	high	reproducibility	required	for	treatment	adaptation	[73].
	 Another	 advantage	 of	 functional	 imaging	 techniques	 is	 that	 they	 provide	 extra	
information	about	the	GTV	for	the	boost.	In	FDG-PET	scans,	the	GTV	can	be	segmented	
automatically	using	a	gradient-based	method,	providing	target	volumes	which	correlate	
well	with	the	GTV	volume	measured	at	pathology	[40].

Total mesorectal excision and overtreatment with RT
Already	 in	 the	first	operated	series	of	Heald	et	al.	 [74]	 it	was	clear	 that	performing	a	
standardized	total	mesorectal	excision	results	in	high	local	control	with	local	recurrence	
rates	as	low	as	6%	at	5	years	and	8%	at	10	years.	Based	on	their	experience	they	concluded	
that	4	out	of	5	patients	operated	with	curative	intent	could	be	cured	with	TME	surgery	
only.	The	remaining	1	out	of	5	patients	is	the	group	that	benefits	from	pre-operative	RT	
in	 terms	of	 local	control.	However,	 selecting	these	patients	 is	 the	major	challenge.	 In	
the	Dutch	TME	study	local	control	and	rectal	cancer	specific	survival	was	shown	to	be	
significantly	better	in	the	RT+TME	group	compared	to	the	TME	alone	group	at	10	year	
[4].	Overall	survival	however,	was	not	different	between	both	groups,	because	in	the	RT	
group	patients	died	more	often	of	non-cancer	specific	causes.	The	advantage	in	cancer	
specific	control	was	possibly	compensated	in	survival	by	the	effects	of	the	RT	induced	
morbidity,	and	thus	RT	 induced	mortality.	The	specific	causes	of	RT	 induced	mortality	
can	 only	 be	 speculated	 on.	 The	 increased	 secondary	malignancies	 of	 14%	 vs.	 9%	 in	
RT+TME	and	TME	alone	respectively	[4],	can	probably	be	attributed	to	the	integral	dose	
delivered	with	RT.	Other	causes	of	death	showed	less	difference	and	are	therefore	hard	
to	speculate	on.	With	the	improvements	proposed	in	this	thesis	we	will	be	able	reach	
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a	better	balance	between	CTV	coverage	and	organ	at	risk	dose.	With	less	irradiation	of	
normal	tissue	the	non-cancer	specific	mortality	of	RT	might	be	decreased.
	 When	evaluating	subgroups	based	on	TNM	stage,	patients	with	TNM	stage	III	and	a	
negative	CRM	had	a	significant	benefit	of	RT	in	terms	of	overall	survival	(50	vs.	40%).	As	
indicated	by	the	authors	[4],	in	TNM	stage	I	patients	approximately	38	patients	had	to	be	
irradiated	to	prevent	1	local	recurrence,	while	for	TNM	stage	III	only	10	patients	have	to	
be	treated	to	prevent	1	local	recurrence.	Based	on	these	results,	TME	without	RT	should	
be	the	treatment	of	choice	in	TNM	stage	I	patients.	The	subgroup	data	can	also	be	used	
to	 speculate	 that	at	 least	addition	of	RT	 in	TNM	stage	 III	patients	 results	 in	a	 clinical	
benefit.	However,	for	patients	with	TNM	stage	II,	currently	treated	with	SCRT	followed	
by	a	TME,	the	lack	of	evidence	in	favor	of	RT	feeds	the	opinion	to	omit	RT	in	this	patient	
group,	especially	because	increased	morbidity	with	RT	is	evident.
	 Recent	 publications	 on	 gene	 expression	 and	 kinase	 activity	 profiling	 revealed	 the	
possibility	to	predict	CRT	treatment	response	in	vitro	[75]	and	in	vivo	[76,	77].	Eschrich	
et	 al.	 [78]	developed	a	10	 gene	prediction	model	 for	 intrinsic	 radiosensitivity,	with	 a	
sensitivity	of	80%	and	a	specificity	of	82%.	With	these	kind	new	biological	developments	
treatment	of	rectal	cancer	can	evolve	from	a	tumor	stage	specific	to	a	patient	tailored	
approach.		
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Conclusions
The	 work	 provided	 in	 this	 thesis	 aimed	 to	 estimate,	 reduce	 and	 compensate	 for	
geometric	 uncertainties	 in	 pre-operative	 radiotherapy	 of	 rectal	 cancer.	 Based	 on	 the	
provided	work,	we	 can	 conclude	 that	 target	 volume	 delineation	 variation	 and	 target	
volume	 shape	variation	are	 the	major	uncertainties	 in	 radiotherapy	 for	 rectal	 cancer.	
Setup	 errors	were	 shown	 to	 be	 small,	 while	 they	 can	 also	 be	 easily	 corrected	 in	 an	
online	fashion.	To	reduce	target	volume	delineation	uncertainties	we	have	shown	that	
delineation	guidelines	in	combination	with	a	delineation	atlas	are	an	important	first	step.	
For	early-stage	 rectal	 cancer,	national	delineation	guidelines	and	a	digital	delineation	
atlas	were	established.	Target	volume	shape	variation	was	shown	to	be	heterogeneous,	
with	the	smallest	variation	close	to	bony	anatomy,	and	the	largest	at	the	upper-anterior	
mesorectum,	close	to	the	bladder	and	small	bowel.	A	planning	target	volume	margin	
recipe	 was	 developed	 compensating	 for	 the	 shape	 variation	 of	 the	 target	 volume.	
Resulting	planning	target	volumes	based	on	the	provided	delineation	guidelines	and	PTV	
margin	were	shown	to	be	approximately	20%	smaller	compared	to	generous	delineated	
clinical	target	volumes	plus	an	arbitrary	uniform	1	cm	PTV	margin.	We	also	showed	a	
significant	 potential	 benefit	 from	 adaptive	 radiotherapy	 to	 reduce	 shape	 variation	
errors,	using	repeat	CT	scans	take	on	the	first	4	treatment	days.	For	patients	with	early-
stage	rectal	cancer	with	node	negative	disease	and	a	negative	circumferential	resection	
margin	we	have	shown	that	the	clinical	target	volume	can	be	reduced	substantially	on	
the	cranial	side,	further	reducing	the	treated	volume.	With	the	obtained	results	either	
side-effects	of	radiotherapy	can	be	reduced	by	reducing	the	dose	to	the	organs	at	risk,	
or	dose	escalation	can	be	applied	to	increasing	local	control.	
	 The	 ultimate	 goal	 is	 of	 course	 to	 find	 the	 optimal	 balance	 between	 disease	 free	
and	overall	survival	and	morbidity.	To	my	opinion,	genetics	and	functional	imaging	will	
provide	better	patient	tailored	treatment,	resulting	 in	an	 increase	 in	minimal	 invasive	
surgery	with	an	important	role	for	RT,	leaving	the	more	advanced	cases	for	neo-adjuvant	
treatment	in	combination	with	a	TME.
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Summary

Introduction
In	the	Netherlands	approximately	3500	patients	are	diagnosed	with	rectal	cancer	each	
year.	Every	year	about	900	patients	die	of	rectal	cancer,	and	5-year	survival	rate	after	
diagnosis	 is	 approximately	 65%.	 The	 general	 treatment	 of	 rectal	 cancer	 is	 centered	
around	 extensive	 surgery	 using	 total	 a	 mesorectal	 excision	 (TME)	 technique.	 During	
surgery	 the	 rectum	with	 its	 surrounding	 soft-tissue	and	 lymphatic	system	 is	 removed	
as	an	intact	unit	covered	by	the	mesorectal	envelope.	To	increase	local	control,	patients	
with	early-stage	rectal	cancer	are	first	treated	with	short-course	radiotherapy	(SCRT)	of	
5	fractions	of	5	Gy	each	in	one	week,	followed	by	a	TME	within	one	week.	In	advanced	
staged	 rectal	 cancer	 patients	 first	 fluorouracil	 based	 (FU)	 chemotherapy	 is	 given	 in	
combination	with	long-course	RT	of	25	fractions	of	2	Gy	in	5	weeks	(LCCRT)	to	improve	
operability,	followed	by	a	TME	after	3-10	weeks.	The	clinical	target	volume	(CTV)	for	RT	
generally	consists	of	the	mesorectum,	the	pre-sacral	lymph	node	region	and	the	lateral	
internal	iliac	lymph	node	regions.
	 The	addition	of	RT	is,	however,	associated	with	an	increase	in	acute-	and	late-toxicity,	
such	as	diarrhea,	fecal	incontinence,	increased	bowel	frequency,	and	sexual	dysfunctions.	
The	challenge	 in	RT	 is	 to	minimize	 the	dose	 to	 the	 surrounding	organs	at	 risk	 (OAR),	
while	maintaining	good	coverage	of	the	target	volume.	To	assure	coverage,	geometric	
uncertainties,	 i.e.	 discrepancies	 between	 planning	 and	 execution	 of	 the	 treatment,	
should	be	taken	into	account	by	adding	a	planning	target	volume	(PTV)	margin	to	the	
CTV.	In	rectal	cancer	RT,	these	uncertainties	consist	mainly	of	target	volume	delineation	
errors,	patient	setup	errors	with	respect	to	the	treatment	machine,	and	shape	variation	
of	 the	target	volume.	When	uncertainties	can	be	decreased,	margins	can	be	reduced	
leading	to	a	decrease	in	toxicity.	Other	measures	are	a	full	bladder	protocol,	using	a	belly	
board	and	by	using	modern	dose	planning	and	delivery	such	as	intensity-modulated	RT	
(IMRT).	The	bladder	protocol	and	belly	board	are	used	to	push	small	bowel,	which	 is	
the	main	OAR,	away	from	the	target	volume.	Finally,	the	definition	of	the	CTV	itself	is	
generally	only	tailored	to	the	location	of	the	tumor	within	the	rectum,	while	local	control	
is	also	dependent	on	other	clinical	factors.	
	 The	 work	 provided	 in	 this	 thesis	 aimed	 to	 estimate,	 reduce	 and	 compensate	 for	
geometric	uncertainties	in	pre-operative	RT	of	rectal	cancer.	Furthermore,	an	estimate	
of	the	necessity	of	all	OAR	dose	 limiting	measures	was	provided.	Finally,	 local	control	
data	of	a	randomized	trial	comparing	RT	+	TME	with	TME	alone	was	used	to	further	tailor	
the	target	volume	definition	to	clinical	factors.

Patient orientation
A	planning	study	was	conducted	to	assess	the	additional	benefit	of	using	a	belly	board	
in	the	setting	of	a	full	bladder	protocol	and	IMRT	(chapter	2).	For	11	volunteers,	4	MR	
scans	were	acquired,	on	a	flat	table	in	prone	position,	on	a	flat	table	in	supine	position,	
and	on	2	different	belly	boards.	On	each	scan	a	standardized	CTV	was	delineated	and	a	
7-field	IMRT	plan	was	created	after	adding	a	1	cm	PTV	margin.	The	bowel	area	was	also	
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delineated	on	each	scan,	and	dose-volume	parameters	for	this	region	were	compared	
between	patient	setups.	In	this	study	we	have	shown	that	the	least	comfortable	belly	
board	with	the	most	compression	of	the	lower	abdomen	also	resulted	in	the	least	dose	
to	the	bowel	area.	Simultaneously,	setup	of	the	volunteers	on	this	belly	board	also	had	
to	be	repeated	for	 the	majority	of	volunteers	to	achieve	proper	placement.	Although	
bowel	 exposure	 was	 higher	 on	 the	 prone	 and	 supine	 scans,	 unacceptable	 values	
predicting	acute	and	late	toxicity	were	on	average	not	reached.	Therefore,	usage	of	the	
belly	board	was	questioned	 in	 the	setting	of	a	 full	bladder	and	 IMRT,	and	application	
was	 recommended	 in	patients	with	unfavourable	anatomy	only.	Based	on	 the	 lack	of	
difference	 between	 prone	 and	 supine	 setup	 on	 a	 flat	 table	 our	 clinical	 practice	was	
changed	to	supine	positioning.

Clinical target volume delineation
For	target	volume	delineation	two	guidelines	are	available	in	the	literature	defining	which	
pelvic	regions	need	to	be	included	in	the	CTV.	In	2006,	Roels	and	colleagues	published	an	
evidence	based	guideline,	selecting	pelvic	regions	based	on	local	recurrence	risk.	In	2009	
the	Radiation	Therapy	Oncology	Group	(RTOG)	published	consensus	guidelines,	derived	
from	delineations	of	9	expert	radiation	oncologists	on	one	example	patient.	
	 In	chapter	3	a	pilot	study	on	the	potential	benefit	of	using	the	RTOG	guidelines	in	a	
multi-center	randomized	trial	is	described.	Fourteen	radiation	oncologists	involved	in	a	
South-West	Oncology	Group	(SWOG)	trial	were	asked	to	delineate	a	single	T3N0M0	case	
based	on	a	trial	protocol.	Immediately	after	submission	of	the	delineations	half	of	the	
observers	were	asked	to	re-delineate	using	the,	then	unpublished,	RTOG	atlas	and	the	
other	half	re-delineated	using	the	original	instructions.	In	this	study	we	have	shown	that	
using	the	trial	protocol	resulted	in	delineation	variation	up	to	1.5	cm	SD	for	the	sphincter	
regions	and	upper-anterior	 region	of	 the	CTV.	The	group	that	 re-delineated	using	 the	
RTOG	atlas	showed	significantly	less	delineation	variation,	but	residual	variation	was	still	
in	the	order	of	0.8-0.9	cm	SD.	
	 In	 chapter	 4	 results	 of	 a	 Dutch	 delineation	 study	 are	 described.	 In	 this	 study	 11	
radiation	oncologists	were	provided	with	a	dataset	of	8	patients	with	early-stage	rectal	
cancer.	First,	each	observer	delineated	the	CTV	for	each	patient	based	on	local	hospital	
policy.	Subsequently,	a	consensus	meeting	was	planned	in	which	the	delineations	were	
discussed,	and	delineation	guidelines	were	established	based	on	the	recommendations	
of	Roels	and	colleagues.	The	guidelines	were	translated	to	a	digital	delineation	atlas	by	
3	expert	observers	which	were	not	part	of	the	delineation	group.	Seven	months	after	
the	consensus	meeting	radiation	oncologists	re-delineated	the	dataset,	now	using	the	
new	guidelines	and	atlas.	The	average	delineated	CTV	volume	decreased	from	620	cc	to	
460	cc	(p<0.001).	The	local	surface	distance	variation	(cm	SD)	reduced	from	1.02	to	0.74	
for	anterior,	0.63	to	0.54	for	lateral,	0.33	to	0.25	for	posterior	and	1.22	to	0.46	for	the	
sphincter	region,	respectively.	The	delineation	guidelines	are	therefore	considered	to	be	
an	essential	first	step	in	redution	of	delineation	variation.
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Tailoring the clinical target volume definition
In	 chapter	 5	 the	 locations	 of	 local	 relapse	 were	 studied	 for	 patients	 treated	 in	 the	
randomized	Dutch	 TME	 trial,	 comparing	 SCRT	 +	 TME	with	 TME	 alone.	 By	 comparing	
the	 trial	arms,	 the	effect	of	SCRT	on	patterns	of	 local	 recurrence	 for	different	clinical	
factors	 could	 be	 estimated.	 In	 the	 trial	 the	 cranial	 border	 of	 the	 CTV	was	 located	 at	
the	promontory.	 For	patients	who	at	pathology	 showed	a	 tumor	 free	 circumferential	
resection	margin	 (CRM)	 and	no	nodal	 involvement,	 few	 recurrences	were	 found	 and	
these	were	all	located	below	the	S2-S3	inter-space,	independent	of	irradiation.	The	few	
recurrences	 confirmed	 the	 good	 prognostic	 value	 for	 these	 factors.	 The	 fact	 that	 all	
recurrences	were	located	below	the	S2-S3	inter-space	resulted	in	the	recommendation	
of	lowering	the	cranial	border	for	patients	with	a	predicted	negative	CRM	and	N0	disease	
to	the	S2-S3	level.	With	this	reduction	of	approximately	4	cm	a	significant	reduction	of	
over	50%	in	small	bowel	volume	exposed	to	dose	levels	of	15-35	Gy	could	be	achieved.	

Clinical target volume shape variation and patient setup errors
Chapters	6,	7	and	8	focus	on	the	day-to-day	shape	variation	of	the	CTV.	In	chapter	6	a	
retrospective	study	on	daily	cone-beam	CT	(CBCT)	data	acquired	for	27	early-stage	rectal	
cancer	patients	is	described.	All	patients	were	treated	with	SCRT	in	prone	position	on	
a	flat	 table.	On	each	scan	 the	mesorectal	part	of	 the	CTV	was	delineated,	and	shape	
variation	was	calculated.	The	systematic	shape	variation	was	found	to	be	heterogeneous,	
ranging	from	0.1	cm	close	to	bony	anatomy	to	0.7	cm	at	the	upper-anterior	side	of	the	
mesorectum.	Systematic	shape	variation	errors	were	slightly	larger	for	female	patients,	
compared	to	male.	
	 In	chapter	7,	a	similar	study	was	conducted,	but	then	for	28	patients	treated	in	supine	
position	on	a	flat	table.	Systematic	errors	were	ranging	from	0.1	cm	to	0.8	cm	SD	and	
were	similar	to	the	results	of	chapter	6.	There	were	no	significant	differences	between	
shape	variation	in	prone	and	supine	orientation.	Differences	between	male	and	female	
patients	were	consistent	with	chapter	6.
	 In	the	datasets	of	chapters	6	and	7	it	was	impossible	to	reliably	delineate	the	entire	
CTV,	due	to	limited	image	quality.	Therefore,	a	prospective	repeat	CT	study	was	initiated	
(chapter	8).	In	this	study,	33	SCRT	(20	male,	13	female)	and	30	LCCRT	(20	male,	10	female)	
patients	treated	in	prone	position	were	included.	For	SCRT	patients	daily	repeat	CT	scans	
were	acquired,	while	for	LCCRT	patients	daily	scans	were	taken	during	the	first	week,	
followed	by	weekly	scans.	On	a	total	of	482	CT	scans	the	CTV	was	delineated	and	shape	
variation	was	calculated.	Systematic	CTV	shape	variation	was	ranging	 from	0.2	cm	SD	
close	to	bony	anatomy	to	1.0	cm	SD	at	the	upper-anterior	edge	of	the	mesorectum.	Male	
patients	in	the	SCRT	group	exhibited	a	significantly	larger	systematic	error	compared	to	
male	patients	 in	 the	LCCRT	group.	 In	 the	LCCRT	group	a	negative	time-trend	 in	rectal	
volume	and	CTV	volume	was	present	starting	halfway	treatment,	resulting	 in	a	group	
mean	 shrinkage	 of	 the	 CTV	 of	 about	 0.5	 cm	 at	 the	 upper-anterior	 side.	 Differences	
between	male	 and	 female	 patients	 were	 not	 significant.	 For	 the	 lateral	 lymph	 node	
regions	smaller,	but	substantial	systematic	shape	variations	of	approximately	0.5	cm	SD	
were	found	at	the	anterior	edge.
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	 The	CBCT	scans	used	in	chapters	6	and	7	were	clinically	used	to	correct	the	patient	
setup	just	prior	to	treatment,	minimizing	setup	errors.	To	estimate	the	patient	stability	
during	irradiation,	CBCT	scans	were	also	acquired	just	after	irradiation.	The	intra-fraction	
setup	errors	in	prone	position	was	shown	to	be	significantly	larger	compared	to	supine	
positioning,	but	with	maximal	systematic	variations	in	left-right	direction	of	0.24	cm	SD,	
these	errors	were	small	compared	to	CTV	shape	variation.

Planning target volume safety margin for shape variation
To	assure	coverage	of	the	CTV	in	the	presence	of	geometric	uncertainties	a	PTV	margin	
needs	to	be	added.	General	margin	recipes	for	calculation	of	the	margin	size	are	only	
applicable	for	rigid	geometric	uncertainties,	such	as	positional	variation	of	the	CTV	or	
the	patient,	thus	not	for	shape	variation,	which	are	intrinsically	non-rigid.	In	chapter	8,	
the	repeat	CT	delineations	were	used	to	develop	an	adapted	van	Herk	margin	 recipe	
for	 rigid	 errors,	mPTV=α*∑	 +	 β*√(σ

2+σp
2)	 –	 β*σp	 (∑=systematic	 error,	 σ=random	 error,	

σp=penumbra	width),	to	accommodate	the	shape	variation	errors.	To	assure	95%	of	the	
prescribed	dose	as	minimum	dose	to	the	CTV	for	90%	of	the	patients	in	a	rigid	setting,	α	
is	2.5.	To	estimate	α	for	shape	variation,	the	minimum	dose	to	the	CTV	was	estimated	for	
varying	values	of	α	(Chapter	8).	We	showed	that	locally	defined	shape	variation	errors	
should	be	multiplied	by	α=3.2	to	assure	similar	CTV	coverage.	The	locally	defined	margins	
were	translated	to	clinically	applicable	orthogonal	margins	for	sub-volumes	of	the	CTV	
for	SCRT	and	LCCRT	separately.	The	resulting	PTVs,	based	on	strict	CTV	delineation	and	
proposed	margins	(which	were	up	to	3.2	and	2.4	cm	at	the	anterior	at	the	upper	half	
of	the	mesorectum	for	SCRT	and	CRT,	respectively)	were	approximately	20%	smaller	in	
volume compared to the “classical”	generously	delineated	clinical	CTVs	plus	a	uniform	
1	cm	margin.

Adaptive radiotherapy
Adaptive	radiotherapy	(ART)	is	used	to	estimate	patient	specific	systematic	errors	based	
on	repeat	 imaging	before	or	at	 the	beginning	of	 the	 treatment,	and	adapt	 treatment	
accordingly.	With	substantial	systematic	shape	variation	errors	ranging	up	to	1.0	cm	SD,	
there	is	large	potential	for	margin	reduction	using	ART.	In	chapter	9	the	possible	margin	
reduction	using	single	plan	adaptation	 in	LCCRT	 is	described,	based	on	the	repeat	CT	
data.	The	tested	adaptations	consisted	of	generating	an	average	CTV	shape	based	on	
the	 delineation	of	 the	 planning	 CT	 and	 the	 delineations	 of	 the	 first	 repeat	 CT	 scans,	
ranging	from	1	to	5.	The	remainder	of	the	repeat	CT	delineation	was	used	to	calculate	
the	 residual	 systematic	 and	 random	 errors,	 and	 corresponding	margins.	 The	 optimal	
strategy	involved	averaging	the	CTV	over	the	planning	CT	and	the	first	4	repeat	CT	scans	
and	resulted	in	a	maximum	margin	reduction	at	the	upper-anterior	side	of	the	CTV	from	
2.4	cm	to	1.7	cm.	With	this	ART	strategy	the	bowel	area	volume	receiving	45	and	50	Gy	
was	significantly	reduced	from	111	and	49	cc	to	81	and	29	cc	(p<0.001).
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Summary

Conclusions
We	 conclude	 that	 CTV	 delineation	 variation	 and	 shape	 variation	 are	 the	 major	
uncertainties	 influencing	 the	 accuracy	 of	 radiotherapy	 for	 rectal	 cancer.	 Delineation	
variation	 can	 be	 reduced	 significantly	 using	 strict	 guidelines	 and	 a	 delineation	 atlas,	
although	substantial	residual	variation	demands	for	further	measures.	We	have	shown	
several	measures	 to	 significantly	 reduce	 the	dose	 to	 the	 small	bowel,	 including	a	 full	
bladder	protocol,	intensity-modulated	RT,	a	belly	board,	a	reduced	CTV	for	patients	with	
good	prognostic	clinical	parameters	and	finally	adaptive	radiotherapy.	With	the	provided	
results,	 radiotherapy	 of	 rectal	 cancer	 can	 be	 given	 more	 accurately	 and	 ultimately	
individualized	resulting	in	less	toxicity.
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Introductie
In	 Nederland	 worden	 jaarlijks	 ongeveer	 3500	 rectum	 carcinomen	 gediagnosticeerd.	
Per	 jaar	 overlijden	 ongeveer	 900	 patiënten	 ten	 gevolge	 van	 rectaal	 kanker,	 en	 de	
gemiddelde	5-jaars	overleving	na	de	diagnose	is	ongeveer	65%.	Bij	de	behandeling	van	
rectum	 tumoren	 staat	 extensieve	 chirurgie	met	 een	 zogenaamde	 totale	mesorectale	
excisie	 (TME)	 centraal.	 Tijdens	 de	 chirurgie	 wordt	 het	 rectum	 met	 de	 omliggende	
toe-	 en	 afvoerende	 bloedvaten	 en	 lymfebanen	 verwijderd	 als	 een	 totaal	 pakket,	 het	
mesorectum,	welke	omgeven	wordt	door	een	vlies.	
	 Om	de	lokale	controle	van	de	behandeling	te	verhogen	wordt	er	voorafgaand	aan	de	
chirurgie	radiotherapie	gegeven.	Bij	vroeg	stadium	tumoren	wordt	dit	in	5	behandelingen	
van	5	Gy	gedaan	 (short-course	 radiotherapy,	 SCRT),	1	week	voor	de	chirurgie.	Bij	 ver	
gevorderde	 tumoren	 wordt	 de	 radiotherapie	 gecombineerd	 met	 chemotherapie	 in	
25	behandelingen	van	2	Gy	in	5	weken	(long-course	chemo-radiotherapy,	LCCRT).	Het	
klinische	doelvolume	(Clinical	Target	Volume,	CTV)	dat	bestraald	wordt	bestaat	uit	het	
mesorectum,	het	presacrale	lymfeklier	gebied	en	de	kliergebieden	rondom	iliaca	interna	
bloedvaten	links	en	rechts.
	 De	toevoeging	van	radiotherapie	gaat	echter	ook	gepaard	met	een	verhoogde	kans	
op	 acute	 en	 late	 bijwerkingen.	 Enkele	 voorbeelden	 zijn	 diarree,	 fecale	 incontinentie,	
verhoogde	 darm	 activiteit	 en	 seksuele	 disfunctie.	 Om	 de	 kans	 op	 bijwerkingen	 te	
verminderen	dient	de	radiotherapie	zo	goed	mogelijk	het	CTV	te	bestralen,	 terwijl	 zo	
min	mogelijk	dosis	wordt	gegeven	aan	de	omliggende	organen.	Hierbij	moet	rekening	
worden	gehouden	met	 inconsistenties	 tussen	de	 vooraf	 geplande	behandeling	en	de	
situaties	tijdens	de	behandel	fracties	zelf.	De	voornaamste	inconsistenties	ontstaan	door	
onzekerheden	in	de	definitie	van	het	CTV,	dag	tot	dag	vormveranderingen	van	het	CTV	
en	onzekerheden	in	de	positionering	van	de	patiënt	op	het	bestralingstoestel.	Met	de	
onzekerheden	wordt	rekening	gehouden	bij	het	plannen	van	de	behandeling	door	het	CTV	
uit	te	bereiden	met	een	marge	tot	een	“planning	target	volume”	(PTV).	Als	onzekerheden	
verkleind	kunnen	worden,	kunnen	de	benodigde	marges	ook	verkleind	worden,	met	als	
gevolg	minder	bijwerkingen.	 Een	andere	optie	voor	het	 verminderen	van	de	 kans	op	
bijwerkingen	zijn	het	hebben	van	een	volle	blaas	tijdens	de	bestralingen,	of	door	gebruik	
maken	van	een	 zogenaamd	belly-board	 in	buikligging	waardoor	de	onderbuik	 van	de	
patiënt	in	buikligging	ingedrukt	wordt.	Met	deze	maatregelen	worden	kritieke	organen,	
zoals	 de	 dunne	 darm,	weg	 geduwd	 van	 het	 te	 bestralen	 gebied.	 Daarnaast	 kan	met	
moderne	 apparatuur	 en	 planningstechnieken	 nauwkeuriger	 bestraald	 worden,	 zoals	
met	intensiteitgemoduleerde	radiotherapie	(IMRT).	De	grootste	factor	is	de	definitie	van	
het	CTV	zelf.	 Indien	deze	verder	gespecificeerd	 zou	kunnen	worden	aan	de	hand	van	
klinische	factoren	van	de	patiënt	kan	het	bestraalde	volume	voor	veel	patiёnten	worden	
verkleind.
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	 De	 focus	 van	 deze	 thesis	was	 het	 afschatten,	 reduceren	 en	 compenseren	 van	 de	
geometrische	onzekerheden.	Verder	is	er	gekeken	naar	het	gecombineerde	effect	van	
de	volle	blaas,	het	belly-board	en	 IMRT.	Tot	slot	 is	er	gekeken	naar	een	meer	patiënt	
specifieke	definitie	van	het	CTV	door	patiënten	te	vergelijken	uit	een	gerandomiseerde	
fase	 III	 studie	 waarbij	 radiotherapie	 gevolgd	 door	 een	 TME	 werd	 vergeleken	 met	
behandeling	met	TME	alleen. 

Patiënt oriëntatie
In	 een	 planningstudie	 met	 scans	 van	 11	 vrijwilligers	 is	 er	 een	 vergelijking	 gemaakt	
tussen	oriëntatie	op	een	 vlakke	 tafel	 in	 rugligging,	 op	een	 vlakke	 tafel	 in	buikligging,	
en	 op	 2	 verschillende	 belly-boards	 (hoofdstuk	 2).	 Tijdens	 de	 studie	werden	 van	 elke	
vrijwilliger	4	MR	scans	gemaakt,	allen	met	een	“volle	blaas”	protocol.	Op	elke	scan	werd	
een	standaard	CTV	ingetekend,	gevolgd	door	het	maken	van	IMRT	plannen	op	het	CTV	
plus	1	cm	PTV	marge.	Uiteindelijke	 is	de	dosis	op	de	darmen	vergeleken	tussen	de	4	
oriëntaties.	Het	belly-board	wat	als	minst	plezierig	ervaren	werd	door	de	compressie	
van	de	onderbuik,	zeker	in	combinatie	met	de	volle	blaas,	resulteerde	ook	in	de	laagste	
darmbelasting.	 Op	 ditzelfde	 belly-board	 moest	 de	 positionering	 bij	 de	 meerderheid	
van	de	vrijwilligers	herhaald	worden	om	een	de	gewenste	ligging	te	bereiken.	Aan	de	
klinische	 relevantie	 van	 de	 verlaagde	 darmbelasting	met	 dit	 belly-board	werd	 echter	
getwijfeld,	omdat	met	de	IMRT	plannen	en	de	volle	blaas	de	darmbelasting	op	zichzelf	al	
dusdanig	gereduceerd	wordt	dat	de	kans	op	complicaties	er	laag	is,	los	van	de	oriëntatie.	
Op	 basis	 van	 deze	 studie	 is	 er	 in	 het	NKI-AvL	 daarom	besloten	 om	 geen	 belly-board	
te	gebruiken	en	patiënten	voortaan	in	rugligging	op	een	vlakke	tafel	te	behandelen,	in	
plaats	van	in	buikligging	op	een	vlakke	tafel.

Intekenen van het klinische doelvolume
In	de	literatuur	zijn	2	richtlijnen	beschikbaar	voor	de	definitie	van	het	CTV	bij	het	rectum	
carcinoom.	 In	 2006	 hebben	 Roels	 et	 al.	 hun	 richtlijn	 gepubliceerd,	 waarbij	 het	 CTV	
werd	gebaseerd	op	regio’s	van	het	bekken	waar	de	kans	op	het	ontstaan	van	een	lokaal	
recidief	zonder	radiotherapie	onacceptabel	hoog	was.	De	andere	richtlijn	werd	in	2009	
gepubliceerd	door	de	Radiation	Therapy	Oncology	Group	 (RTOG)	en	 is	 gebaseerd	op	
consensus	intekening	van	9	gespecialiseerde	radiotherapeuten	bij	1	patiënt.
	 In	 hoofdstuk	 3	 is	 een	 Noord-Amerikaanse	 pilot	 studie	 beschreven	 waarin	 het	
potentiële	voordeel	van	de	RTOG	intekenrichtlijn	m.b.t.	de	intekenvariatie	is	beschreven.	
In	de	studie	is	1	patiënt	twee	maal	ingetekend	door	14	radiotherapeuten.	De	1e	intekening	
was	gebaseerd	op	de	richtlijnen	van	een	studieprotocol	van	de	South-West	Oncology	
Group.	De	helft	van	de	intekenaars	tekende	vervolgens	het	doelgebied	opnieuw	in,	maar	
nu	met	de	RTOG	atlas,	de	andere	helft	nogmaals	met	de	 initiële	 instructies.	 In	de	1e 
intekenronde	was	de	maximale	intekenvariatie	1.5	cm	standaard	deviatie	(SD).	De	grote	
intekenvariatie	geeft	aan	dat	een	studie	protocol	alleen	niet	afdoende	is	om	uniforme	
intekeningen	te	verkrijgen.	De	intekeningen	met	de	RTOG	atlas	waren	significant	meer	
consistent,	maar	de	verschillen	bleven	wel	substantieel	(0.8-0.9	cm	SD).
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	 In	 hoofdstuk	 4	 is	 een	 Nederlandse	 intekenstudie	 beschreven	 waarin	 11	
radiotherapeuten	het	CTV	van	8	patiënten	twee	maal	ingetekend	hebben.	Bij	de	1e ronde 
werd	 gevraagd	 om	 het	 CTV	 in	 te	 tekenen	 volgens	 de	 richtlijnen	 van	 hun	 ziekenhuis.	
Vervolgens	heeft	er	een	vergadering	plaatsgevonden	waarin	de	intekeningen	van	de	1e 
ronde	werden	besproken.	Op	basis	van	de	richtlijn	van	Roels	et	al.	werd	er	vervolgens	
een	nationale	consensus	richtlijn	bepaald	om	intekenvariatie	te	beperken.	Deze	richtlijn	
is	 door	 3	 gespecialiseerde	 radiotherapeuten	 vertaald	 in	 een	 digitale	 atlas	 door	 1	
voorbeeld	patiënt	 in	te	tekenen.	 In	de	2e	 ronde	van	de	studie	werd	het	CTV	opnieuw	
ingetekend	bij	 de	8	patiënten,	maar	nu	met	behulp	 van	de	 consensus	 richtlijn	 en	de	
atlas.	Het	gemiddelde	volume	van	het	CTV	daalde	van	620	cc	tot	460	cc	(p<0.001).	De	
lokale	verschillen	 tussen	de	 intekeningen	 (cm	SD)	werden	gereduceerd	van	1.02	naar	
0.74	voor	anterieur,	0.63	naar	0.54	voor	lateraal,	0.33	naar	0.25	voor	posterieur	en	van	
1.22	naar	0.46	voor	de	sphincter	regio.	De	intekenrichtlijnen	zijn	dan	ook	een	belangrijke	
1e	stap	in	het	verkleinen	van	de	intekenvariatie.

Patiënt specifieke definitie van het klinische doelvolume
In	hoofdstuk	5	is	een	studie	beschreven	waarin	de	locaties	van	recidieven	in	het	bekken	
zijn	vergeleken	tussen	patiënten	bestraald	met	SCRT	gevolgd	door	een	TME	met	patiënten	
die	alleen	behandeld	werden	met	een	TME.	Door	deze	patiënten	te	vergelijken	kon	het	
effect	van	radiotherapie	op	de	lokale	controle	bepaald	worden.	Uit	de	resultaten	bleek	
dat	patiënten	waar	de	tumor	radicaal	was	verwijderd	(geen	tumor	aangetoond	aan	de	
randen	van	het	verwijderde	weefsel)	en	waar	geen	tumorcellen	uitgezaaid	waren	naar	
omliggende	lymfeklieren	weinig	kans	hadden	op	een	recidief.	Daarnaast	was	de	locatie	
van	recidieven	beperkt	tot	een	klein	gebied	in	het	bekken,	ongeacht	of	er	wel	of	geen	
radiotherapie	was	gegeven.	Op	basis	van	deze	resultaten	is	besloten	dat	patiënten	die	
aan	deze	voorwaarden	voldoen	(±30%	van	de	patiёnten)	voortaan	op	een	kleiner	gebied	
bestraald	kan	worden,	wat	tot	een	significante	afname	van	de	dosis	op	de	dunne	darm	
zal	leiden.	

Vormvariatie van het klinische doelvolume en patiёnt positionering
Hoofdstukken	6,	7	en	8	zijn	gericht	op	de	dag	tot	dag	vormveranderingen	van	het	CTV.	In	
hoofdstukken	6	en	7	is	hiervoor	het	mesorectale	deel	van	het	CTV	ingetekend	op	cone-
beam	CT	(CBCT)	scans	die	dagelijks	gemaakt	zijn	tijdens	SCRT.	De	analyse	van	data	van	
27	patiënten	in	buikligging	op	een	vlakke	tafel	is	in	hoofdstuk	6	beschreven,	en	van	data	
van	28	patiënten	in	rugligging	op	een	vlakke	tafel	in	hoofdstuk	7.	In	beide	studies	werd	
heterogene	vormvariatie	gevonden,	die	dicht	bij	 benige	 structuren	 klein	was	 (0.2	 cm	
SD),	en	groot	was	(0.8	cm	SD)	aan	de	voorzijde	van	het	mesorectum,	dicht	bij	de	blaas	
en	de	dunne	darm.	Er	waren	geen	significante	verschillen	in	vormvariatie	tussen	buik-	en	
rugligging,	maar	de	vormvariatie	was	wel	iets	groter	bij	vrouwen	dan	bij	mannen.
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	 In	 hoofdstukken	 6	 en	 7	 kon	 alleen	 het	 mesorectale	 deel	 van	 het	 CTV	 worden	
ingetekend	door	beperkte	beeldkwaliteit	van	de	CBCT	scans.	Om	wel	de	vormvariatie	
van	 het	 gehele	 CTV	 te	 kunnen	 bepalen	 is	 er	 daarna	 een	 herhaal-CT	 studie	 gestart	
(hoofdstuk	8).	 In	deze	 studie	 zijn	33	patiënten	met	SCRT	en	30	patiënten	met	 LCCRT	
geïncludeerd,	allen	bestraald	 in	buikligging	op	een	vlakke	 tafel.	Bij	SCRT	zijn	dagelijks	
CT	scans	gemaakt,	5	in	totaal.	Bij	LCCRT	zijn	dagelijkse	CT	scans	gemaakt	in	de	1e	week,	
gevolgd	door	wekelijkse	scans,	9	 in	 totaal.	Het	CTV	 is	 ingetekend	op	482	CT	scans	en	
de	vormverandering	 is	bepaald.	Vormverandering	was	wederom	heterogeen,	met	0.2	
cm	SD	dicht	bij	de	benige	structuren,	en	een	 iets	grotere	1.0	cm	SD	aan	de	voorzijde	
van	het	CTV	dicht	bij	de	blaas	en	de	dunne	darm.	Ook	aan	de	voorzijde	van	de	laterale	
lymfekliergebieden	was	 de	 vormverandering	 substantieel,	met	 0.5	 cm	 SD.	 Tijdens	 de	
LCCRT	behandeling	nam	het	rectum	volume	naar	het	eind	van	de	behandeling	af.	Dit	
resulteerde	ook	in	een	krimp	van	het	CTV	aan	de	voorzijde	met	gemiddeld	0.5	cm	over	
de	 gehele	behandeling.	 Significante	 verschillen	 in	 vormvariatie	 tussen	man	en	 vrouw	
waren	niet	zichtbaar.	Bij	een	vergelijking	tussen	de	SCRT	en	LCCRT	mannen	was	wel	een	
verschil	zichtbaar,	met	iets	minder	vormvariatie	in	de	LCCRT	groep.
	 De	CBCT	scans	die	geanalyseerd	zijn	in	hoofdstuk	6	en	7	worden	in	de	klinische	praktijk	
gebruikt	om	vlak	voor	de	bestraling	de	positie	van	de	patiënt	op	het	bestralingstoestel	
te	controleren	en	te	corrigeren.	Na	correctie	is	de	stabiliteit	van	de	patiёnt	tijdens	de	
behandeling	een	belangrijke	factor.	Om	deze	intra-fractie	beweging	te	bepalen	zijn	er	bij	
een	subgroep	van	de	patiënten	ook	CBCT	scans	na	de	behandeling	gemaakt.	De	intra-
fractie	beweging	bleek	in	buikligging	hoger	te	zijn	dan	in	rugligging,	maar	met	maximale	
variatie	van	0.24	cm	SD	was	deze	onzekerheid	substantieel	kleiner	dan	de	vormvariatie.

Planning doelvolume marges voor vormvariatie
De	volgende	 stap	na	bepaling	 van	de	 vormvariatie	 van	het	CTV	was	bepaling	 van	de	
PTV	marge.	 De	 algemeen	 bekende	 formules	 om	 onzekerheden	 te	 vertalen	 naar	 een	
veiligheidsmarge	 zijn	 alleen	 geldig	 voor	 verplaatsingen	 van	het	CTV,	maar	die	 gelden	
niet	voor	vorm	verandering.	In	hoofdstuk	8	staat	beschreven	welke	aanpassingen	aan	de	
bekende	formules	nodig	zijn	om	er	voor	te	zorgen	dat	de	vormvariatie	opgevangen	kan	
worden	zodat	bij	90%	van	de	patiënten	het	CTV	in	ieder	geval	een	minimum	dosis	krijgt	
van	95%	van	de	voorgeschreven	dosis.	Door	de	marge	ongeveer	20%	te	vergroten	kon	
aan	de	voorwaarden	voldaan	worden	in	de	setting	van	vormverandering.	Dit	resulteerde	
in	lokaal	gedefinieerde	PTV	marges	van	0.7	cm	bij	de	benige	structuren,	tot	3.2	cm	voor	
SCRT	en	2.4	cm	voor	LCCRT	aan	de	voorzijde	van	het	CTV	dicht	bij	de	blaas	en	de	dunne	
darm.	Deze	marges	zijn	veel	groter	dan	de	huidige	1.0	cm	uniforme	klinische	marges.	
In	de	praktijk	wordt	het	CTV	door	de	radiotherapeuten	echter	veel	ruimer	ingetekend	
om	impliciet	te	compenseren	voor	de	vormverandering.	De	in	hoofdstuk	8	voorgestelde	
grote	marges	in	combinatie	met	een	strikt	ingetekend	CTV	resulteerde	echter	wel	in	PTV	
volumes	die	gemiddeld	genomen	20%	kleiner	waren	dan	de	“klassieke”	klinische	ruime	
intekeningen	met	een	1.0	cm	marge.
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Corrigeren voor vormverandering
Naast	 het	 nemen	 van	 een	 veiligheidsmarge	 om	 rekening	 te	 houden	 met	 de	
vormverandering	van	het	doelgebied	is	het	ook	mogelijk	om	er	voor	te	corrigeren.	Met	
adaptieve	radiotherapie	(ART)	wordt	de	vormverandering	ten	opzichte	van	de	planning	
bepaald	tijdens	de	eerste	paar	 fracties	van	de	behandeling.	Vervolgens	wordt	er	een	
nieuw	behandelplan	gemaakt.	De	vorm	van	het	CTV	op	dit	nieuwe	ART	plan	 is	 in	het	
algemeen	dichter	 bij	 de	 vorm	tijdens	 de	 rest	 van	 de	 behandeling	 in	 vergelijking	met	
het	initiële	plan.	Hierdoor	kan	er	een	kleinere	PTV	marge	genomen	worden,	waardoor	
de	dosis	op	de	dunne	darm	verminderd	kan	worden.	In	hoofdstuk	9	zijn	verschillende	
ART	strategieën	getest	op	de	LCCRT	data	van	de	herhaal	CT	studie.	Hierin	bleek	dat	een	
eenmalige	aanpassing	van	het	behandelplan	het	beste	gedaan	kon	worden	na	4	fracties,	
waarbij	het	mogelijk	was	om	de	maximale	PTV	marge	aan	de	voorzijde	te	verkleinen	van	
2.4	cm	naar	1.7	cm.	Hiermee	kon	het	darmvolume	wat	belast	wordt	met	45	en	50	Gy	
verlaagd	worden	van	111	en	49	cc,	naar	respectievelijk	81	en	29	cc	(p<0.001).

Conclusies
Intekenvariatie	 en	 vormvariatie	 van	 het	 klinische	 doelvolume	 zijn	 de	 voornaamste	
onzekerheden	 zijn	 die	 de	 bestraling	 van	 rectum	 tumoren	 beperken.	 Door	 gebruik	 te	
maken	van	intekenrichtlijnen	en	een	atlas	kan	de	intekenvariatie	verkleind	worden.	Voor	
het	 eerst	 is	 de	 vormverandering	 van	 het	 gehele	 klinische	 doelvolume	 bepaald,	 voor	
zowel	SCRT	en	LCCRT,	en	 is	er	een	marge	 formule	bepaald	om	voor	vormverandering	
te	 compenseren.	Naast	 de	 geometrische	 onzekerheden	 zijn	 ook	 de	 effecten	 van	 een	
volle	blaas,	een	belly-board,	IMRT	en	mogelijke	verkleining	van	het	CTV	in	geselecteerde	
patiënten	beschreven.	Met	al	deze	bevindingen	 is	het	mogelijk	om	een	betere	balans	
te	 vinden	 tussen	 het	 raken	 van	 het	 doelgebied,	 en	 het	 voorkomen	 van	 dosis	 op	 de	
omliggende	 organen.	 Op	 basis	 van	 de	 bereikte	 resultaten	 zijn	 de	 richtlijnen	 voor	 de	
radiotherapie	 behandeling	 van	 rectum	 tumoren	 in	 het	 NKI-AvL	 aangepast,	 zodat	
patiёnten	ook	kunnen	profiteren	van	de	bereikte	resultaten.
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deel	van	mijn	jeugd	ben	ik	opgegroeid	in	Sexbierum,	Friesland.	
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de	 studie	 afgerond	met	het	 project	 “De toepassing van een universele beslisregel en 
outlierdetectie ten behoeve van patiëntpositiecorrectie bij radiotherapie”	uitgevoerd	bij	
het	Nederlands	Kanker	Instituut	-	Antoni	van	Leeuwenhoek	ziekenhuis.	

Mijn	wetenschappelijke	carrière	begon	op	1	april	2005	bij	het	NKI-AvL,	met	de	klinische	
implementatie	 van	 beeldgeleide	 radiotherapie	 innovaties.	 Binnen	 deze	 functie,	 die	
ik	 tot	 31	 mei	 2010	 heb	 bekleed,	 zijn	 de	 werkzaamheden	 langzaam	 veranderd	 van	
implementatie	 naar	 wetenschappelijk	 onderzoek.	 Officieel	 per	 1	 januari	 2009	 is	 er	
gestart	met	het	promotie	onderzoek,	waarvan	u	hier	het	resultaat	in	handen	heeft.	Ik	
heb	mijn	werk	op	vele	nationale	en	internationale	congressen	mogen	presenteren.	

Per	1	november	2011	is	de	focus	weer	terug	naar	de	implementatie	van	beeldgeleide	
technieken,	maar	nu	ziekenhuisbreed.	Ik	richt	mij	nu	op	ondersteuning	met	behulp	van	
navigatie	en	beeldgeleiding	bij	de	oncologische	chirurgie	en	interventie	radiologie	van	
het	NKI-AvL.
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De	gepresenteerde	artikelen	in	mijn	boekje	zijn	gebaseerd	op	data	van	229	verschillende	
patiёnten	en	11	vrijwilligers.	Hierbij	zijn	555	CT	scans,	275	CBCT	scans	en	68	MR	scans	
bekeken	en	ingetekend,	wat	resulteerde	in	meer	dan	5000	ingetekende	structuren.	Dit	
heb	 ik	natuurlijk	niet	allemaal	alleen	gedaan	en	daarom	wil	 ik,	naast	de	patienten	en	
vrijwilligers	die	aan	het	onderzoek	hebben	meegedaan,	de	volgende	mensen	bedanken.

Het	is	gebruikelijke	om	het	dankwoord	te	beginnen	bij	de	promotores,	maar	ik	vind	dat						
ik	moet	beginnen	bij	Rianne.	In	de	afgelopen	7	jaar	hebben	we	intensief	samengewerkt,	
waarbij	 jij	 toch	 vaak	 de	minder	 leuke	 kant	 van	 het	werk	 hebt	 gedaan.	Meer	 dan	 de	
helft	 van	 de	 ingetekende	 structuren	 komen	 dan	 ook	 van	 jouw	 hand,	met	 de	 nodige	
fysiotherapie	 bezoekjes	 tussendoor	 om	 je	 een	beetje	 soepel	 te	 houden.	 Je	 bent	 een	
fantastische,	hardwerkende	collega,	waar	ik	lief	en	leed	mee	kan	delen.	Dank	daarvoor.	
Ik	ben	ook	heel	blij	dat	je	me	als	paranimf	wilt	ondersteunen.

Beste	promotores,	beste	Corrie	en	Marcel.	Jullie	vertegenwoordigen	de	beide	kanten	die	
ik	heb	geprobeerd	samen	te	brengen	in	mijn	thesis.	
Corrie,	zonder	jouw	klinische	en	medische	inzichten	had	ik	nooit	mijn	mannetje	kunnen	
staan	bij	de	nationale	en	internationale	presentaties	voor	medisch	publiek.	Recentelijk	
zei	een	radiotherapeut	nog	“Toch gek dat een informaticus ons hier staat uit te leggen 
hoe we ons werk moeten doen.”.	 Op	 miraculeuze	 wijze	 weet	 je	 altijd	 een	 gaatje	 te	
vinden/maken	in	je	drukke	agenda	voor	overleg,	wat	ik	enorm	waardeer.	
Marcel,	aangezien	ik	noch	fysicus,	noch	programmeur	ben,	was	werken	bij	jouw	research	
afdeling	een	vereiste	om	te	bereiken	wat	we	bereikt	hebben.	In	een	research	omgeving	
met	tientallen	jaren	ervaring	hoefde	ik	het	wiel	niet	meer	uit	te	vinden,	maar	alleen	een	
aantal	wielen	onder	mijn	data	te	plaatsen	om	ver	mee	te	komen.	Jij	en	Jan-Jakob	hebben	
me	altijd	veel	vrijheid	gegeven	in	mijn	werk,	met	als	motto,	alles	mag	en	alles	kan,	als	je	
het	maar	wel	zelf	regelt.	Met	dat	motto	heb	ik	me	altijd	als	een	vis	in	het	water	gevoeld.

Beste	 Jan-Jakob,	 hoe	 doe	 je	 dat	 toch?	 Tussen	 het	 begeleiden	 van	 vele	 projecten	 en	
personen,	bijwonen	van	vele	vergaderingen	en	het	verzamelen	van	genoeg	airmiles	om	
een	paar	keer	de	aarde	rond	te	gaan	heb	je	altijd	tijd,	aandacht	en	een	oplossing	als	ik	
weer	eens	met	een	printje	bij	je	binnen	loop.	Ik	wil	je	daarvoor	enorm	bedanken,	en	ben	
dan	ook	blij	dat	ik	ook	de	komende	jaren	met	je	mag	samenwerken.

Ik	wil	ook	graag	mijn	dank	uitspreken	aan	de	promotiecommissie,	voor	het	beoordelen	
van	mijn	thesis	en	plaats	te	nemen	in	de	oppositie.
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ik	met	 je	mogen	samenwerken.	 Jij	hebt	me	altijd	 laten	zien	dat	 research	en	klinische	
praktijk	twee	verschillende	dingen	zijn,	waar	je	mee	om	moet	leren	gaan.	Dank	daarvoor.

Patricia	en	Diedie,	de	stille	krachten	van	onze	research	afdeling.	Nooit	op	de	voorgrond,	
maar	wel	altijd	alle	puntjes	op	de	i.	Jullie	zijn	geweldig.

Dat	ik	ook	nog	eens	op	een	hele	gezellige	afdeling	werk	blijkt	welk	uit	de	vele	biertjes	
die	 ik	met	 jullie	 gedronken	 heb.	 Onze	 donderdagavond	 “Quirtjes”	 zijn	 altijd	 gezellig,	
wisselend	 van	 samenstelling,	 en	bieden	de	mogelijkheid	om	ook	eens	 in	 een	andere	
setting	met	collega’s	te	praten	over	(andere	zaken	dan)	werk.	De	ultieme	tijden	zijn	altijd	
tijdens	de	congressen,	serieus	overdag	en	gezellig	‘s	nachts,	met	als	gevolg:	slaaptekort.

Dat	onderzoek	niet	altijd	rozengeur	en	maneschijn	is	weten	ze	het	beste	bij	mijn	squash	
vrienden.	Op	de	woensdagavond	kan	ik	bij	jullie	altijd	mijn	frustraties	van	me	af	slaan,	
mits	jullie	me	wel	laten	winnen	natuurlijk,	anders	wordt	de	frustratie	alleen	maar	groter.	
Joris,	Annet,	Terence,	Marco,	Marion,	Roman,	Ernesto,	Gerben	en	Erik,	ik	hoop	dat	we	
dit	nog	lang	vol	mogen	houden.

Mijn	 schaarse	 hobby’s	 bestaan	 voornamelijk	 uit	 lekker	 eten,	 concerten	 bezoeken	
en	gezellig	borrelen,	en	dat	doe	 je	natuurlijk	niet	alleen.	 Ik	 zou	hier	nu	een	hele	 lijst	
personen	kunnen	noemen	die	 	voor	de	nodig	gezelligheid	hebben	gezorgd,	maar	dan	
ga	ik	met	garantie	mensen	vergeten.	Iedereen	in	Amsterdam,	Friesland	en	daar	buiten,	
bedankt	voor	gezellige	etentjes	en	borrels,	die	maken	het	leven	plezierig.

Frans	en	Mia,	voor	de	Brabantse	gezelligheid,	een	luisterend	oor	of	een	goed	advies	kan	
ik	altijd	bij	jullie	terecht.	Dank	daarvoor.
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Teun,	Eef,	Martijn,	Femke	en	René,	familie	kies	je	niet,	maar	je	kunt	het	wel	treffen.	Heit	
en	mem,	dank	dat	jullie	altijd	in	me	geloofd	hebben	en	me	de	vrijheid	hebben	gegeven	
om	mezelf	te	ontwikkelen.	De	stap	van	het	kleine	Sexbierum	naar	het	grote	Amsterdam	
heeft	me	deze	mooie	kans	gegeven.	Door	jullie	heb	ik	geleerd	dat	hard	werken	plezier	
kan	brengen,	en	daar	geniet	ik	dagelijks	van.	En	broers,	schoonzus,	met	jullie	ga	ik	vast	
nog	veel	gezellige	feestjes	tegemoet.

De	 laatste	alinea	 is	uiteraard	voor	mijn	 lieve	vrouw,	Sandra.	We	kennen	elkaar	al	van	
de	Heineken	Music	Hall,	waar	ik	als	student	een	aardig	zakcentje	bijverdiende.	Jij	hebt	
dan	ook	mijn	gehele	8	 jaar	bij	het	NKI-AvL	meegemaakt.	 In	die	 jaren	heb	 je	me	altijd	
geholpen	met	goede	adviezen	wanneer	ik	weer	eens	te	naïef	met	een	uitdaging	om	ging,	
of	wanneer	ik	met	een	scherpe	tong	weer	eens	wat	mensen	tegen	me	in	het	harnas	had	
gejaagd.	Dat	ik	eigenwijs	ben	en	je	adviezen	ook	wel	eens	in	de	wind	sla	gebeurd	gelukkig	
steeds	minder,	en	zal	ik	verder	aan	werken.	Jij	bent	mijn	steun,	ik	hoop	nog	vele	jaren.



Pelvic anatomy
The	 cover	 image	 is	 based	 on	 the	
model	 that	was	 used	 to	 analyze	 the	
local	 recurrences	 of	 the	Dutch	 total	
mesorectal	excision	trial	(chapter	5).	
Within the pelvic bony anatomy the 
large	 bowel	 is	 visualized	 in	 yellow,	
and	 the	 clinical	 target	 volume	 for	
radiotherapy	in	transparent	red.	
The	 visible	 large	 bowel	 can	 be	
divided into the colon descendens 
(top),	 curving	 into	 the	 sigmoideum	
(horizontal	part),	finally	curving	into	
the	rectum	(within	the	clinical	target	
volume).

All	 patients	 described	 in	 this	 thesis	
were	 treated	 for	a	 tumor	within	 the	
rectum.	As	 can	be	appreciated	 from	
the	cover,	the	volume	that	is	irradiated	
in	these	patients	covers	a	 large	part	
of	 the	 pelvis.	 All	work	 in	 this	 thesis	
aimed	 to	 minimize	 the	 irradiated	
volume,	 without	 compromizing	 the	
treatment	outcome.
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